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ABSTRACT
EFFECTS OF HABITAT DISTURBANCE ON THE TEETH OF PROPITHECUS DIADEMA
IN THE FORESTS OF TSINJOARIVO, MADAGASCAR: IMPLICATIONS
FOR SPECIES VIABILITY AND CONSERVATION
Katie SusAnn Heffernan, Ph.D.
Department of Biological Sciences
Northern Illinois University, 2019
Dr. Karen Samonds, Co-director
Dr. Mitchell Irwin, Co-director
The accelerated transformation of Madagascar’s ecosystems is a direct result of habitat
destruction which has devastating consequences for the viability of the island’s animals. This
dissertation focuses on the critically endangered diademed sifaka, Propithecus diadema, living in
the rainforests of Tsinjoarivo, Madagascar. Tsinjoarivo has been heavily impacted by slash and
burn agriculture and transformed into isolated forest fragments. Previous research by Irwin and
colleagues has demonstrated that the diet and group dynamics of Propithecus diadema differ
between continuous and degraded forests, but whether fragmented landscapes provide tougher
foods and lead to behavioral changes through increased tooth wear has not been
comprehensively investigated, particularly with regards to reproductive success.
This research uses tooth wear as a means to interpret dental changes across age, sex, and
habitat. Tooth molds from known-age individuals collected over a 15-year time span were laser
scanned, and three-dimensional images were constructed for analysis using GIS software. Relief
index, slope, and angularity were examined, and fragmented forest sifakas were found to possess
increased dental wear.
Chewing efficiency was examined through leaf toughness, ingestion rate, and fecal
particle size. Leaves in the fragmented forests show higher toughness, rates of food ingestion did

not reveal an overall change in chewing to compensate for tooth wear, and feces from sifakas in
fragmented forests had larger particle sizes in feces compared to their pristine forest
counterparts. As for whether dental macrowear has an effect on reproductive success, infant
deaths were compared to yearly rainfall totals, and the mother’s dental relief index, slope, and
angularity; these factors did not appear to influence infant survival.
Although forest fragmentation has caused an accelerated loss of tooth wear in sifakas at
Tsinjoarivo, they are still able to reproduce and wean infants into independent juveniles. This
study indicates that the long-term viability of Propithecus diadema at Tsinjoarivo is stable and
positive. However, continued monitoring of this population is critical; while they may be able
adapt to current habitat modifications, the continuation of forest destruction could still severely
impact their viability.
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CHAPTER 1: INTRODUCTION TO PROPITHECUS DIADEMA

Background
Madagascar’s History and Modern Vertebrates

Madagascar is an island located 400 km off the southeastern coastline of Africa and has
been isolated from the land masses of Africa and India for more than 165 and 80 million years,
respectively (Storey et al., 1995; Torsvik et al., 2000; Marks & Tikku, 2001; Tikku et al., 2002).
Madagascar’s unique fauna is a biodiversity hotspot with high levels of endemism, species rarity
and species richness (Mittermeier et al., 2004; Goodman & Benstead, 2005; Vieites et al., 2009),
which in turn has made Madagascar a priority for international conservation (Myers et al., 2000;
Mittermeier et al., 2004; Chaudhary et al., 2018) . Several models of faunal arrival to the island
have been proposed to explain Madagascar’s biodiversity and biogeography (McCall, 1997; Ali
& Huber, 2010; Samonds et al., 2012), but most suggest that along with remnant groups from
Gondwana (Noonan & Chippindale, 2006), the endemic fauna is the result of more than 80
separate dispersal events, largely from Africa (Samonds et al., 2012), with subsequent
diversification after arrival (Yoder & Nowak, 2006).
Without a doubt, Madagascar’s most famous mammals are the Lemuriformes. This
infraorder of primates is completely endemic to Madagascar, and it is hypothesized that it arrived
to the island approximately 30-40 million years ago (Steiper & Young, 2006; Chatterjee et al.,
2009; Perelman et al., 2011; Springer et al., 2012; Finstermeier et al., 2013). Isolation from other
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large land masses, and a reduced set of primate and mammal competitors contributed to prolific
insular radiation of the lemuriform clade into a variety of diverse niches. The spectrum of sizes
and adaptations for the 103 extant and 17 extinct species of lemurs on this island (Mittermeier et
al., 2010) includes unusual and bizarre adaptations. For example, the size range of lemurs spans
the tiny 30 gram mouse lemur, Microcebus berthae, (Rasoloarison, et al., 2000) to the extinct
gorilla sized Archaeoindris fontoynontii at 160 kilograms (Jungers et al., 2008). An example of a
particular adaptation is shown in the aye-aye, Daubentonia madagascariensis, with its
specialized long middle finger for tapping on logs and finding larvae (Sterling & McCreless,
2006). Whether it be the long suspensory legs of the Indri (Indri indri; Powzyk & Mowry, 2006)
or the Golden bamboo lemur’s (Hapalemur aureus) ability to process toxic cyanide in its diet
(Glander et al., 1989), each Malagasy primate occupies a niche in the diverse landscape.
Unfortunately, climate change (Dunham et al., 2008; Hannah et al., 2008; Dewar &
Richard, 2012) and the arrival of humans 1,500-10,500 years ago (Burney et al., 2004; Gommery
et al., 2011; Dewar et al., 2013; Anderson et al., 2018; Hansford et al., 2018) has caused severe
habitat loss to the extent that as much at 90% of Madagascar’s endemic forests have been
destroyed (Green & Sussman, 1990; Harper, et al., 2007). Consequently, lemurs are considered
to be the world’s most endangered mammals (Schwitzer, 2014). In order to anticipate how
environmental changes will impact the endemic primates, long-term research needs to be
conducted to provide crucial information for the development of conservation projects (Willis et
al., 2007; Lindenmayer et al., 2012). The great loss of biodiversity in the tropics is mainly
caused by habitat destruction (Laurance, 1999) and this project may be able to contribute to
ongoing conservation efforts for Madagascar’s uniquely endemic fauna.

3
Study Species and Location

Propithecus diadema, the diademed sifaka, are the largest of the extant sifakas (up to 8.5
kilograms), and second largest of the lemurs (the largest being the Indri indri, at up to 9.5
kilograms; Mittermeier et al., 2010; Figure 1). Propithecus diadema are currently listed by the
IUCN as “critically endangered” (Andriaholinirina et al., 2017). They inhabit Madagascar’s
eastern rainforests and live in small groups containing 2-6 individuals. Their physical
characteristics include a body mass of 5.0-8.5 kilograms, reddish brown eyes, and a muzzle that
is short and bare. Their coats are long and silky, with variable degrees of white, black, and
orange highlights (Mittermeier et al., 2010). Propithecus diadema’s diet consists of foliage,
fruits, seeds, buds, and flowers, with about half of their overall feeding time devoted to leaves
(Irwin, 2006). In particular, their emphasis on the hemiparasitic mistletoe, Bakerella clavata
(Loranthaceae), at one study site (Tsinjoarivo) is viewed as an unusual reliance on a single plant
species (Irwin, 2008).

Figure 1.1. Propithecus diadema of Tsinjoarivo
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One long term study site of Propithecus diadema is the region of Tsinjoarivo (19˚41΄S,
47˚48΄E). This forest is located 80 km southeast of Antananarivo, and possesses a block of
variable forest, where the eastern half is fairly intact and undisturbed, but the western half is
damaged and fragmented by farmers utilizing slash-and-burn agriculture (Irwin et al., 2010).
Sifaka groups have been studied in both habitats (Irwin et al., 2010): disturbed forest fragments
of Mahatsinjo (19°40.94’ S, 47°45.46’ E, 1590 m asl) and in the continuous forests of Vatateza
(19°43.25’ S, 47°51.41’ E, 1396 m asl) and Ankadivory (19°42.98’ S, 47°49.293’ E, 1345m asl).
Seven sifaka groups have been monitored in Mahatsinjo (FRAG 1-7), three groups in Vatateza
(CONT 1-3), and two groups in Ankadivory (CONT 4-5; Appendix A and B).
Diademed sifakas in continuous forests have a wider variety of plants and seasonal fruits
to eat than those in fragments, except during the dry season, when all groups rely more heavily
on mistletoe (Bakerella clavata) and young leaves from a variety of plants (Irwin, 2008). Since
there has been a dramatic change in their environment as a result of deforestation, the diet of
sifakas that live in fragmented forests at Tsinjoarivo has been modified to rely more on fallback
foods (mistletoe) as a staple for year-round feeding (Irwin, 2008).
Sifaka social groups are female dominant, with females having feeding priority (Sauther
& Cuozzo, 2009), as they are more likely to have access to more desirable foods (e.g., energyrich fruits). Males, on the other hand, are often left on their own to forage for the less soughtafter foods, such as leaves. Mature leaves are considered tougher to break due to uniform
geometry, which prevents shattering by diversion of “crack” energy (Cuozzo & Yamashita,
2006). In short, leaves are more difficult to break apart into smaller sizes and this process may
take several mastication cycles to reduce leaf segments down to the desired particle size. This
process requires more energy expenditure on the part of the animal in order to gain nourishment.
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If tougher and less desirable foods are eaten, this should be reflected in males by a greater loss of
tooth enamel over time. Increased dental wear due to food toughness will also affect the chewing
efficiency of the individual (Venkataraman et al., 2014).
Physiological consequences of living in fragmented forests have already been noted in
sifakas. They have significantly lower blood chemistry values (i.e., white blood cell counts,
bilirubin, total protein, albumin, calcium, sodium, chloride, manganese, zinc, and iron),
decreased juvenile growth rates (Irwin et al., 2010), and reduced male body sizes (Irwin et al.,
2007). Males have an overall smaller body mass in the fragmented forests in comparison to those
in the continuous forest. This size discrepancy is likely a result of female dominance, because
females can evict subordinates (males) from food patches. Not only are the males in both types
of forests more likely than females to rely on leaves, but some males in the fragmented forests
may not be able to obtain as much nourishment if their teeth have reduced functionality as they
age.
The response of primates to fragmentation can vary dramatically across different
landscapes (Arroyo-Rodríguez et al., 2013) and this is due in part to fragmentation’s complicated
effects on a habitat (Fahrig, 2003). In order to determine the population viability of Propithecus
diadema, it is necessary to investigate the consequences of fragmentation for this species. A
better understanding of the diet and any changes in behavior for lemurs in disturbed forests can
help inform us whether a population can survive the negative effects of fragmentation over a
long period of time.
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Teeth and Dental Wear

Teeth are composed of two layers, enamel and dentin, that surround a pulp cavity.
Enamel, the most superficial layer, is the hardest biological structure in an animal’s body
(Swindler, 2002) and this hardness is due to a large percentage of inorganic calcium phosphate.
Most strepsirrhines have a thinner layer of enamel relative to tooth size and body mass,
compared to anthropoids, and this is attributed to a mechanically undemanding diet (Shellis et
al., 1998). Wear along the outer enamel exposes the deeper layer of dentin, a comparatively
softer material containing less hydroxyapatite. Continued wear changes dental topography
through time, creating secondary shearing surfaces formed by new edges surrounding islands of
exposed dentine (Ungar & M’Kirera, 2003; Lucas, 2004; King et al., 2005). These alterations
have the potential to modify particle size following mastication and may contribute to the
efficiency of nutrient absorption. This in turn influences reproductive success and fitness by
inhibiting the mother’s ability to provide water and nutrients to an infant during lactation (King
et al., 2005).
Information about animals can be inferred through the study of teeth, especially
mammals since their heterodonty reveals specialized functions for food processing. Not only is
there great variability among primate dentitions, but teeth also wear differently through time and
this wear is related to their use and interaction with different substances. Interpretation of tooth
wear can therefore help reconstruct an animal’s diet (Walker et al., 1978; Constantino et al.,
2012) and this information may be able to inform us about the type of plants consumed and the
habitat in which specific primates live. The degree of dental wear increases with age, but this is
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also dependent on the individual’s feeding behavior (Galbany et al., 2011a) and the types of
available foods that are consumed.
Propithecus diadema is a long-lived species, and females produce a single infant for the
first time at 4-5 years of age (Irwin, unpublished data). Their reproductive synchrony is tied to
seasonality, with mating occurring in December and January and births primarily in June
(Wright, 1995; Pochron et al., 2004). Early dental eruption is needed to process a high fiber diet
and the sooner infants accomplish this, the sooner independence occurs from their mother
allowing her to be able to reproduce the following year (Godfrey et al., 2001; 2004). The
deciduous and permanent dental formula of sifakas is di2-dc1-dp2/ di2-dc1-dp3 and I2-C1-P2-M3 /
I2-C0-P2-M3, respectively (Gingerich, 1977, Swindler, 2002; Cuozzo & Yamashita, 2006). Sifaka
permanent dentition erupts very early compared to other primates, with molars, both maxillary
and mandibular, exposed at weaning (Wright, 1995). By one year of age, all post-canine
dentition is in place: P3 P2 P44 M11 M22 M33 (Godfrey et al., 2001).
The maxillary incisors do not contain a midline diastema or space unlike other close
relatives in the family Indriidae. The incisors of the mandible are a part of an important feature
that distinguishes lemurs and lorises from other primates: a tooth comb. These incisors project
nearly horizontally from the anterior portion of the jaw to form the dental comb (Swindler,
2002). Maxillary canines are large but do not exhibit sexual dimorphism (Plavcan, 2001).
Mandibular canines are absent. The maxillary premolars are single-cusped teeth. The mandibular
premolars are also single-cusped teeth, with the most mesial premolar forming a blade-like
caniniform tooth (Swindler, 2002). Maxillary molars possess four defined cusps, the paracone,
metacone, protocone, and hypocone. Mandibular molars also contain four distinctive cusps: the
metaconid, entoconid, protoconid, and the hypoconid (Swindler, 2002). These sets of molars
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occlude with cusps connected by long shearing crests and are effective at shearing, crushing, and
grinding (Kay, 1975).
Focus of Dissertation

Dental Wear

There have been few studies on the effects of diet and habitat on tooth macrowear
patterns in lemurs. While some preliminary analysis of dental wear rates of mouse lemurs in
different habitats has been conducted (King et al., 2012), dietary data was not directly linked to
specific individuals. Dietary variation has been demonstrated to cause variation in tooth wear in
ring-tailed lemurs (Lemur catta; Cuozzo et al., 2014), but this has never been quantified for
sifakas; Lemur catta at the Beza Mahafaly Special Reserve rely heavily on tamarind as a fallback
food without displaying dental adaptations for this challenging diet (Sauther & Cuozzo, 2009).
As dental wear is dependent on the habitat and the availability of tough or soft foods (Galbany et
al., 2014), the teeth of sifakas in isolated forest fragments may show different wear patterns
relative to individuals in the continuous forest, and be able to provide insights about the effects
of recent environmental changes. Additionally, an increased reliance on fallback foods by
Propithecus diadema in fragmented forests may have negative effects for their long-term
survival.
The rate at which a tooth experiences wear is dependent not only on rates of mastication
and food hardness, but also on a tooth’s contact with grit or dust on the foods consumed (Covert
& Kay, 1981; Peters, 1982; Ungar et al., 1995). Preliminary data from Tsinjoarivo suggests that
grit accumulates more on leaves around open spaces (Bender, 2016). Therefore, food sources
within fragmented landscapes that are found near forest edges would be expected to have
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increased levels of grit compared to foods located within continuous forests. Increased grit will
cause an acceleration of dental wear. Continuous forests, with relatively less “edge”, would be
predicted to contain less grit on leaves and other foods, and animals should have slower dental
wear.
Fecal Particle Size and Feeding Rates
A tooth’s primary function is to mechanically break down food substances. Because it is
the first “tool” that comes in contact an ingested item, its topography is essential to processing
the variety of foods consumed and the ultimate survival tool of the organism. The loss of crests
required to adequately break down plant material into digestible pieces could lead to larger food
particle sizes in feces, and subsequently poorer levels of nutrient absorption. Fecal particle size is
an excellent non-invasive way to examine chewing efficiency in wild animals (Hummel et al.,
2008; Fritz et al., 2009), since subsequent breakdown by other digestive processes has little
effect on particle size (Poppi et al., 1980; McLeod & Minson, 1988).

Reproductive Success

The rainforests of Tsinjoarivo have experienced severe human impacts in recent decades;
since the 1970s farmers have cleared forest areas for agricultural crops. These dramatic
landscape changes to have forced these sifakas to modify their approach in how they obtain and
process dietary food items, although their dental morphology may be better suited for their
original rainforest diet (Cuozzo et al., 2012). This habitat change may well have repercussions
for female reproductive success and the long-term viability of those groups to survive in
fragmented forests.
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In long-lived species, there is an inevitable gradual loss of tooth crown features, but when
the progressive reduction leads to a total loss of dental function it is referred to as dental
senescence (King et al., 2012). King et al. (2005) reported that dentally senescent sifaka mothers
had higher infant mortality rates. Even after the onset of dental senescence at 18 years of age,
Propithecus edwardsi had the same fertility rates as their younger counterparts, but the survival
rate of infants past weaning was low. Poor infant survival is possibly an effect of the inability of
their mothers to process poor-quality food efficiently for digestion and milk production (King et
al., 2005). This indication is supported by the infant data of dentally senescent mothers being
less likely to survive during years of lower rainfall, likely due to the synergistic impacts of lower
food availability and less efficient dental processing (King et al., 2005). Species of lemurs that
carry their young, such as Propithecus diadema, tend to produce milk that is more dilute than
those lemurs who leave their young unattended for long periods of time (Tilden & Oftedal,
1997). A year of low rainfall may compromise the mother’s ability to provide adequate nutrients
and water for her infant. Therefore, older sifakas with dental senescence may be more
susceptible to environmental fluctuations and this will have an effect on reproductive success.
Rainfall may produce the same effect on Propithecus diadema’s ability to bring offspring
through weaning, and if this is the case, it is important to determine if survival rates of infants is
related to that year’s rainfall.

Goals of this Thesis

The purpose of this research is to assess Propithecus diadema tooth wear to determine if
wear is influenced by forest fragmentation, and explore the consequences of dental wear. The
specific goals of this study are first to quantify the species-specific wear pattern experienced by
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diademed sifakas throughout their lifetimes and to determine if there is a predictable relationship
between tooth and age. Second, this study seeks to reveal if there are different tooth wear rates
between sifakas living in pristine or fragmented forest habitats, and between the sexes. Third,
this project aims to test how tooth wear is affecting chewing efficiency of diademed sifakas by
assessing behavior modification and fecal particle size. Lastly this thesis examines whether
infant survival past weaning is reduced by advanced tooth wear and is positively correlated with
rainfall.
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CHAPTER 2: DENTAL WEAR RATES OF PROPITHECUS DIADEMA AT

TSINJOARIVO

Background

Habitat destruction creates an immense loss of biodiversity (Laurance, 1999) and the
widespread clearing of forests for agriculture and natural resources in Madagascar has altered
landscapes, and increased the rates of species extinction as forests have been degraded (Harper et
al., 2007). Specifically at Tsinjoarivo, there have been severe human impacts on the rainforests
as farmers have cleared large sections to grow food and raise livestock, as well as partake in the
removal of tree bark (“laro”) to produce illegal rum “toaka gasy" (Irwin & Ravelomanantsoa,
2004). These human practices have created smaller fragmented blocks of forest on the western
side of Tsinjoarivo, leaving a more continuous forest block to the east (Irwin, 2006; 2008).
Propithecus diadema inhabiting Tsinjoarivo has been studied since 2002 with a focus on growth
and physiological health, nutritional analysis, and social behavior (Irwin, 2006, 2008; Irwin et
al., 2010, 2014). Significant differences in diet (Irwin, 2008) and group cohesion (Irwin, 2007)
have been reported between the two types of forests at this site. These dietary and social changes
may have a subsequent effect on tooth topography and the rates of wear for sifakas at his site.
Propithecus diadema’s teeth break food into digestible pieces with occluding reciprocal
shearing crests on their molars (Cuozzo & Yamashita, 2006). Sifakas are mainly folivorous and
require long molar crests to process a high fiber diet (Kay, 1975; Seligsohn, 1977; Kay et al.,
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1978; Kay & Hylander, 1978; Yamashita, 1998a, 1998b; Boyer, 2008). Over time this type of
mastication leads to wear along the enamel and dentin as contact between opposing teeth and the
friction of food items are processed (Lucas, 2004). However, the landscapes of Madagascar have
undergone many recent changes and given that the preferred foods are often not available in
disturbed forests, this has caused a behavioral change in sifakas. Sifakas rely on what are
“normally” seasonal fallback foods for most of the year in the fragmented forest sections at
Tsinjoarivo (Irwin, 2006; Irwin et al., 2015). Given the short time frame of habitat change, sifaka
dental morphology has not been transformed via natural selection to be suited for foods in the
current habitat (Cuozzo et al., 2014). This lack of adaptation may lead to altered rates of tooth
wear relative to individuals living in the continuous forest. This additional wear may have fitness
consequences; for example, if sifaka teeth wear dramatically faster, they may also find
themselves unable to process foods at a younger age than their counterparts in continuous
habitats.
In addition to habitat differences, differences in tooth wear among groupmates can also
occur. Socially, Propithecus diadema is characterized by female dominance (Kappeler, 1993;
Irwin, 2006a). As adult females control access to resources, they tend to reject subordinates from
food patches, but they do tolerate the presence of immatures more often than adult males.
Furthermore, there is less cohesion in groups located in the fragmented forests compared to those
in the continuous forests (Irwin, 2007). This displacement of males may force males to feed in
even lower-quality food patches in fragmented forest habitats, thereby accelerating males’ tooth
wear compared to their female counterparts.
In order to understand the effects of the changing landscape on tooth wear, we must first
quantify aspects of tooth wear. Geographic information systems (GIS) is a tool often used to
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measure landscape topography but this technique can also be applied to dental features to
characterize occlusal morphology and allow us to assess it in three dimensions. Previous work
has used GIS to quantify tooth wear using parameters of relief index, slope and angularity to
compare tooth morphologies across different diets in primates (e.g., Ungar & Williamson, 2000;
M’Kirera & Ungar, 2003; Ungar, 2004; Dennis et al., 2004; King et al., 2005; Bunn & Ungar,
2009; Klukkert et al., 2012; Glowacka et al., 2016; Yamashita et al., 2016). Relief index is the
ratio of surface area to 2D projected area (M’Kirera & Ungar, 2003) and a three-dimensional
extension of “shearing quotients” (Kay, 1984). A tooth with a tall crown, long crests, and/or tall
cusps has a higher crown area relative to its planometric occlusal area, or a higher relief index,
compared to a tooth with a short crown, crests and/or cups. The advantage of three dimensional
analysis over relief index is that this is a measure of the whole occlusal surface and it is free from
the constraints of landmarks that change or disappear with wear (M’Kirera & Ungar, 2003;
Teaford, 2003). The slope reflects the change in elevation across an occlusal table (Ungar &
M’Kirera, 2003). Angularity is the mean change in slope across the occlusal services (Ungar &
M’Kirera, 2003). In other words, slope measures the “steepness” while angularity measures the
“jaggedness” of a tooth. An analogy frequently used to explain the differences between these two
variables is to compare the sharpness of a knife to its serratedness (Ungar & M’Kirera, 2003). As
primate molar tooth crowns wear down, slope and relief values tend to decrease (M’Kirera &
Ungar, 2003; Ungar & M’Kirera, 2003; Dennis et al., 2004). Angularity of a tooth does not
appear to change with wear, at least not until the very last stages of wear, where the functional
life of the tooth ends (Dennis et al., 2004).
The purpose of this study is to use GIS to determine if there is a difference in tooth wear
rates of Propithecus diadema in the fragmented and continuous forests and if there is a
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difference amongst the sexes. If there is an acceleration of tooth wear rates among sifakas at
Tsinjoarivo, then this could have implications for the long-term viability of this population.

Materials and Methods

Specimen Collection and Preparation

Camp sites were established at Tsinjoarivo including: the isolated forest fragments of
Mahatsinjo and the continuous forests of Vatateza and Ankadivory (Appendix A). One hundred
and thirty-eight molds of the sifakas’ mandibular tooth row were collected from captures of
individual sifakas from 2002 to 2017 in Tsinjoarivo, Madagascar. Animals were anaesthetized by
darting them intramuscularly with 0.5 mL or 1 mL disposable plastic darts equipped with a 3/8”
non-barbed needle (Pneu-Dart, USA). Darts were loaded with 20-25 mg/kg of
tiletamine/zolazepam (Telazol®, Fort Dodge Animal Health, Overland Oark, Kansas 66225, or
Zoletil, the European equivalent). Darts were fired either from a blowgun
(http://shop.pneudart.com/blojector/), or from a CO2-powered variable-pressure rifle
manufactured by Dan-Inject (http://www.dan-inject.com/CO2-Injection-rifles/model-jmstandard.html). This research complied with protocols approved by Stony Brook University and
Northern Illinois University IACUC, McGill University’s Animal Care Committee, and
University of Queensland’s Animal Ethics Committee, and was carried out in accordance with
the legal requirements of Madagascar, the Code of Best Practices for Field Primatology
(American Society of Primatologists), and the Guidelines for the Capture, Handling and Care of
Mammals (American Society of Mammalogists); research permits were issued by Madagascar’s
Ministry of Ecology, Environment, and Forests (most recent:
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#58/17/MEEF/SG/DGF/DASP/SCB.Re).
After stabilizing anaesthetized animals and positioning them properly for molding,
mandibular tooth rows were brushed to remove food particles and debris, then fully dried.
Subsequently polyvinylsiloxane-based, high precision impression material was applied to the
tooth row and allowed to fully dry (President JET Plus, Light Body). Tooth molds were sent
back to Northern Illinois University where they were cast with dental stone (WhipMix
Orthodontic Plaster) with a vibrating plate to remove air bubbles. Once dry, casts were shaved
down to the distal half of the first molar through the mesial half of the third molar, showing a full
second molar (Figure 2.1).

Figure 2.1. Scan of mandibular molars. Contains distal portion of the first molar, then the full second molar,
and finally a mesial portion of the third molar.
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Data Acquisition

Sixteen plates with nine casts each were scanned at the Imaging Technology Group of
Beckmann Institute for Advanced Sciences and Technology in Urbana, IL. The Steinbichler
COMET L3D 2M is a structured light scanner with a resolution of 1600 x 1200 dpi (dots per
inch). It projects a series of blue LED lights onto the surface of an object, creating distorted light
lines. The camera sensor is then able to read these distortions and curvatures, thereby calculating
depth and details of the source object. This produces a digital “point cloud” which can be
imported into software for editing.
Tooth wear was quantified to obtain relief index, slope, and angularity. Individual tooth
cloud point data were first edited in MeshMixer (Version 3.2; Autodesk, 2017) software. This
program removed excess scanned areas to outline the second mandibular molar, as well as
remove bubbles and fill in minute holes. At this point in the protocol casts were checked for
imperfections, and to determine if the cast was able to be analyzed (e.g., during molding, it can
be difficult to determine if the entirety of the tooth is covered with resin, and if portions of the
casts were missing or distorted, they were not included). The total number of scanned teeth was
137, 5 of which were removed due to due poor quality. Seventy-seven scans were from knownaged individuals.
Cloud point data were exported from MeshMixer in the American Standard Code for
Information Interchange (ASCII) format. ASCII format is a text file that is non-binary. These
files were then opened in CloudCompare (Version 2.9 beta; Omnia, 2017) to orient the tooth to
an occlusal view and saved as a shapefile.
Once in a shapefile, geographic information systems (GIS) was used to analyze surface
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topography (Klukkert et al., 2012). The cloud data of the tooth was imported into ArcMap
(Version 10.4.1; Esri, 2017) and data on relief index, slope, and angularity were collected using
functions available in ArcMap (Figure 2.2; Appendix C; see Appendix D for GIS instructions on
protocol for collecting data).

Figure 2.2. GIS image with focus on topography of tooth.
Mandibular molar of MAHA3_PR.

Analysis
Focusing on known-aged individuals (n=77), linear mixed models were used for
statistical testing. The fixed effects of habitat type (CONT vs. FRAG), sex, and age were
assessed using R software (Version 3.3.2; The R Foundation for Statistical Computing, 2018;
“nlme” package). Interactions were also tested between habitat and sex, age and sex, habitat and
age, and a three-way interaction of all three. The random effect (intercept) included individuals
as opposed to forest groups since the sample size from certain forest groups was limited thus
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decreasing power (Appendix C, D, E). Generalized least squares was used to confirm that the
factor of individuals should be used in the model.
Factors were tested in a stepwise removal fashion. First, the fully loaded model was
compared to a simplified model with the interaction removed. An ANOVA test of the two
models (generating a likelihood ratio test and associated p-value) was performed using maximum
likelihood model fitting. If an interaction was significant (p < 0.05), it was retained in the final
model and fixed factors were not tested.

Results
As predicted, Propithecus diadema mandibular molars lose topographical features as age
increases. They all begin with four high cusps, but slowly the buccal cusps (protoconid and
hypoconid) wear away before the lingual cusps (metaconid and entoconid) follow suit (Figure
2.3 & 2.4). The protoconid and hypoconid begin to have exposed dentin between 5 to 8 years of
age. Visual inspection of teeth from the oldest known-aged individuals reveals an increase of
dentin exposure by the fragmented forest sifaka at a younger age of thirteen compared to the
continuous forest sifaka at fourteen (Figure 2.5). Although these high cusps and long enamel
crests are worn with increasing age, the life of the tooth is extended by the formation of
compensatory shearing blades, which are new cutting edges from worn enamel and exposing
dentin (King et al., 2005).
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Figure 2.3. Progression of gross tooth wear up to 10 years old in known-aged sifakas in fragmented
forests. (A) 1 year; “MAHA2_JUV2011” (B) 2 years; “MAHA4_TG 2008” (C) 3 years; “MAHA5_TS 2011”
(D) 4 years; “MAHA4_TS 2008” (E) 5 years; “MAHA7_PR 2011” (F) 8 years; “MAHA5_BP 2014” (G) 9
years; “MAHA7_RR 2017” (H) 10 years; “MAHA7_PR 2016”.

21

Figure 2.4. Progression of gross tooth wear from sifaka in continuous forest. Scans
from individual “VATA1_PB”, born in 2003. Tooth molds taken at 2 years (A), 5 years
(B) and 14 years (C).

Figure 2.5. Comparison of oldest known sifakas from fragmented and continuous forests. Scans from fragmented
forest male “MAHA6_PS 2017” (A & C) at 13 years old, and continuous forest female “VATA1_PB 2017” at 14 years
old (B & D). Red lines outline areas of exposed dentin.
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As expected, all three topographic variables (relief index, slope, and angularity) declined
with age in both undisturbed (n=35) and fragmented (n=42) forests (Figures 2.6, 2.7, and 2.8).
The three topographic variables declined with age in both sexes (female = 41, male = 36; Figures
2.9, 2.10, and 2.11). Model best-fit lines for sex were almost parallel in all three graphs,
indicating no significant differences in tooth wear between males and females, and this was
confirmed by the linear mixed models, with p-values being greater than .05 (Table 2.1).
Table 2.1
Tooth Wear
Relief Index

Slope

Angularity

Final Fitted Model (Tooth Wear)
Fixed Effect
Coefficient ±SE
T
(Intercept)
1.9858±0.0186
103.9409
Age
-0.0168±0.0043
-3.9601
TypeFRAG
--SexM
--Age:TypeFRAG
--Age:SexM
--TypeFRAG:SexM
--Age:TypeFRAG:SexM
--(Intercept)
46.7369±0.3842
121.6442
Age
-0.6197±0.0901
-6.8768
TypeFRAG
0.8925±0.4728
1.8880
SexM
--Age:TypeFRAG
-0.4654±0.1126
-4.1324
Age:SexM
--TypeFRAG:SexM
--Age:TypeFRAG:SexM
--(Intercept)
89.5086±0.0100
8968.6200
Age
-0.0066±0.0023
-2.8440
TypeFRAG
--SexM
--Age:TypeFRAG
--Age:SexM
--TypeFRAG:SexM
--Age:TypeFRAG:SexM
---

P
0.0000
0.0007
------0.0000
0.0000
0.0674
-0.0050
---0.0000
0.0095
-------

ANOVA
P
-0.0001
0.3998
0.9563
0.0621
0.4372
0.5251
0.6363
---0.2002
0.0001
0.9242
0.2946
0.3941
-0.0057
0.4826
0.6045
0.0989
0.2433
0.5061
0.3737

Slope of the sifakas’ teeth is also influenced by an interaction of age and type of habitat
(p = 0.0001). In other words, the relationship of slope to age depends on which forest the sifaka
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is in, with fragmented forest sifakas having a steeper decrease in slope of M2 with age. The
interaction of age and habitat type on relief index approached significance (p = 0.0621), which is
suggestive of a difference that may be detected by a larger sample size. Angularity minimally
decreases with age (p = 0.0057); this is not unexpected since its changes are seen in the later
stages of tooth wear and all of our known-aged individuals are younger than the reported dental
senescent age of eighteen (King et al., 2005). The oldest individuals known in this sample was
14 years old from the continuous forests (VATA1_PB_2017) and 13 years old from the
fragmented forests (MAHA6_PS_2017).

24

Figure 2.6. Relief index by habitat type of M2 in Propithecus diadema in Tsinjoarivo, Madagascar.
There is a negative correlation between relief index and age in both habitat types (continuous = 35;
fragmented = 42). The oldest known-aged individual was 14 years old (VATA2_PB_2017).
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Figure 2.7. Slope by habitat type of M2 in Propithecus diadema in Tsinjoarivo, Madagascar. There is
a negative correlation between slope and age in both habitat types (continuous = 35; fragmented = 42).
The oldest known-aged individual was 14 years old (VATA2_PB_2017).
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Figure 2.8. Angularity by habitat type of M2 in Propithecus diadema in Tsinjoarivo, Madagascar. There
is a negative correlation between angularity and age in both habitat types (continuous = 35; fragmented = 42).
The oldest known-aged individual was 14 years old (VATA2_PB_2017).
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Figure 2.9. Relief index by sex of M2 in Propithecus diadema in Tsinjoarivo, Madagascar. There is a
negative correlation between relief index and age in both sexes (female=41; male=36). The oldest
known-aged female was 14 years old (VATA2_PB_2017) and the oldest known-aged male was 13 years
old (MAHA6_PS_2017).
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Figure 2.10. Slope by sex of M2 in Propithecus diadema in Tsinjoarivo, Madagascar. There is a
negative correlation between slope and age in both sexes (female=41; male=36). The oldest known-aged
female was 14 years old (VATA2_PB_2017) and the oldest known-aged male was 13 years old
(MAHA6_PS_2017).
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Figure 2.11. Angularity by sex of M2 in Propithecus diadema in Tsinjoarivo, Madagascar. There is a
negative correlation between angularity and age in both habitat types (female=41; male=36). The oldest
known-aged female was 14 years old (VATA2_PB_2017) and the oldest known-aged male was 13 years
old (MAHA6_PS_2017).

Discussion

The relief index, slope, and angularity decrease over time and this result has also been
documented in other primates (Ungar & M’Kirera, 2003; Dennis et al., 2004; Bunn & Ungar,
2009; Klukkert et al., 2012; Cuozzo et al., 2014). However, there were no significant differences
in tooth wear parameters between male and female Propithecus diadema (pooled across habitat
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types). Since lemurs are female dominant, if a subordinate is rejected from a food patch, the
variety and quality of alternative foods available is dependent on the forest they are within.
Sifakas in continuous forests have a greater variety of foods available in the rainy season and
rely on fallback foods during the lean season, while sifakas in fragmented landscapes rely on
fallback foods year-round. Therefore, if sifakas are rejected from a patch within a food-rich
habitat, the animal will still be able to find seasonal variety, whereas if rejected from a food
patch in forest with low variety, that sifaka will likely need to ingest lower-quality foods.
The rate of decline in the tooth’s slope with age is significantly different between the
fragmented and continuous forest sifakas as there is an accelerated loss of tooth slope of
fragmented forest sifakas. As folivores, sifakas need high cusps with long crests to properly
shear their fibrous diet. However, the changing environment has led to a more rapid decrease in
the steepness of their teeth, which means that the shearing ability also decreased, with
“sharpness” dulling faster in sifakas inhabiting fragmented forests. This acceleration of tooth
wear could be detrimental since sifakas with flatter teeth will not be able to process foods as
efficiently as younger individuals, especially when compared to their continuous forest
counterparts. This changes chewing efficiency as sifakas try to compensate for the lack of
shearing crests and their inability to competently process foods into sizes ideal for digestion.
Major ramifications of this could include both reduced nutrient absorption, as larger food
particles are digested at a lower rate (Bjorndal et al., 1990), and a higher mastication effort in
order to reduce food particle size (Perez-Barberia & Gordon, 1998a; Logan, 2003).
The results of this study illustrate that there is an increased rate of change of tooth wear
in the sifakas in the fragmented forests. During mastication, a tooth with steeper slope is a better
tool for slicing or shearing tough foods such as leaves. As that slope decreases, a tooth is less
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efficient at shearing. The significant difference between the teeth of sifakas in the two types of
habitats is indicative of a diminution in shearing ability. This could have consequences that lead
to dental senescence sooner with the formation of a crater of dentine surrounded by an enamel
rim, and could affect the viability of offspring by dentally senescent mothers (King et al., 2005).
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CHAPTER 3: FOOD TOUGHNESS AND CHEWING EFFICIENCY OF PROPITHECUS

DIADEMA AT TSINJOARIVO

Background

All living organisms depend on the acquisition of energy and nutrients to survive and
reproduce. Plants are able to obtain energy from the sun and nutrients from the environment (i.e.,
soil). Animals must forage for both energy and nutrients from the environment, mainly by
processing through the digestive tract and absorption in the gut. Folivores generally eat a diet
consisting of leaves, shoots, stems, and buds (Kay, 1975). All of these items are considered to be
of low quality given to their high fiber content (Van Soest, 1967; Milton, 1979). Fiber is made up
of structural carbohydrates, and composed of three fractions (cellulose, hemicellulose and
lignin). Fiber is not digestible by the intrinsic mammalian gut enzymes but the microbiota of the
gut in mammals are able to break down these carbohydrates by fermentation, contributing to the
energy of the host (Chivers & Hladik, 1980; Moir & Dougherty, 1965; Edwards & Ullrey, 1999).
Fiber is the backbone of a plant cell’s architecture and the main provider of a leaf’s
mechanical strength (Vincent, 1992; Onoda et al., 2004). It is a defense against natural stressors
and is vital to minimizing damage and increasing the leaves’ life span (Reich et al., 1991; Wright
& Cannon, 2001; Wright & Westoby, 2002; Read & Stokes, 2006). External forces that damage
leaf structure include gravity, rain, and wind (Niklas, 1992), herbivory (Chabot & Hicks, 1982;
Choong, 1996; Hanley et al., 2007), light (Givnish, 1988; Onoda et al., 2008) and the lack of
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nutrient availability (Dudt & Shure, 1994; Folfarait & Davidson, 1995; Rowe & Potter, 2000;
Kerpel et al., 2006). These factors can impact a leaf’s internal organization of density (Onoda et
al., 2011) and venation pattern (Roth-Nebelsick et al., 2001) as time passes, making the
mechanical properties also dependent on age (Loman & Box, 1983; Nichols-Orians & Schultz,
1989). These properties produce a “toughness” that needs to be overcome by a herbivore if it
ingests plants.
Plants in fragmented forests may be more susceptible to toughness-inducing factors
because of an increase in “edge effects” (Janzen, 1983; Harris, 1988), which would include
increased sunlight, wind penetration and water stress. Smaller forest fragments, having more
overall edge, are more likely to be affected by changes in physical fluxes such as radiation, wind
or water. Radiation affects the air temperature surrounding the forest as the interior of the forest
has a protective canopy to intercept solar radiation, creating a cooler environment. Without the
protective canopy, forest edges are subjected to more direct radiation leading to hotter and drier
conditions (Kapos, 1989; Murica, 1995; Chen et al., 1999). Exposure at the forest edge to wind
can cause mechanical stress that creates damage and increase evapotranspiration as well (Moen,
1974; Niklas, 1992). Increased wind speeds also transfer materials such as dust and grit from
surrounding areas. Grit is abrasive, and its contact with a tooth will cause wear (Covert & Kay,
1981; Peters, 1982; Ungar et al., 1995). The process of fragmentation removes large deep-rooted
plant species and this changes the level of soil moisture. When there are increased flows of
water, erosion can remove top soil and nutrients away from the forest (Likens et al., 1970;
Bormann et al., 1974).
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Propithecus diadema is primarily a folivore, with half of its feeding time devoted to
leaves, but opportunistically this species will consume fleshy fruits and masticate seeds (Irwin,
2006b). As leaf-eaters, sifakas have morphological specializations for a breaking down cellulose,
including a large gastrointestinal tract with long transit time and a large cecum (Chivers &
Hladik, 1980; Campbell et al., 2000; 2004), but the initial breakdown of a leaf begins with
occluding reciprocal shearing crests on their molars (Cuozzo & Yamashita, 2006). The ability to
fragment material into reduced sizes depends on the toughness of the food and the amount of
shearing crests/topography on teeth. An efficient tooth needs to be able to initiate and propagate
a crack in a leaf in order to split it (Cuozzo & Yamashita, 2006). Long molar crests seen in
folivorous and insectivorous animals have been demonstrated to produce this effect (Kay, 1975;
Seligsohn, 1977; Kay, 1978).
The molar morphology of sifakas includes long reciprocal crests that slide past one
another along their lengths during occlusion (Seligsohn, 1977) and these crests are longer than
those of lemurids possessing the same tooth size (Yamashita, 1996). In sifakas, wear through the
enamel exposes compensatory crests that maintain dental function for over a decade (King et al.,
2005). During this process, the morphology of the tooth becomes similar to that of a selenodont
tooth having crescent-shaped ridges. However, with continued use, the loss of compensatory
blades requires additional chewing strokes to process the same amount of food (Logan &
Sanson, 2002).
Since tooth topography is essential to processing food and the ultimate survival of the
organism, the loss of crests required to adequately break down foods into digestible pieces could
lead to larger food particle sizes in feces (King et al., 2005; Millette et al., 2012; Venkataraman
et al., 2014). Large particles are digested at a slower rate, and the time to degrade the cell wall by
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microbes is increased (Bjorndal et al., 1990). Subsequently, this often results in poorer levels of
nutrient absorption.
This chapter seeks to determine if Propithecus diadema’s food toughness differs between
intact and fragmented forests, and if Propithecus diadema’s chewing efficiency is affected by
forest fragmentation. There must be a “toughness” assessment on the leaves eaten by the sifakas
to establish if there is variation in leaf durability between the fragmented and continuous forests.
Next, there may be modifications in chewing behavior to cope with increased leaf toughness,
especially by those sifakas with advanced dental wear. Finally, chewing competency can be
evaluated by examining feces, revealing if there are differences in particle sizes between
habitats.
To examine the chewing efficiency of Propithecus diadema at Tsinjoarivo, first,
“toughness” was quantified using a “punch and die” method. This method, also known as a
punch test, uses a penetrometer to measure the amount of force required to break through the
leaf’s lamina. Punching into the lamina involves a combination of shear and compressive
strength and resistance to crack propagation (Vincent, 1992). Samples of leaves commonly eaten
by sifakas from both habitat types were measured by the punch test to determine the force
required for the break to occur. This force was then compared between the continuous and
fragmented forest to assess if there was a difference in the toughness of foods available.
Secondly, chewing efficiency can be improved by modifying chewing behavior, such as
increasing time spent chewing (Perez-Barberia & Gordon, 1998a; Logan, 2003). For example, a
sifaka may compensate for older, less efficient teeth by performing more chew cycles per food
item. If there is a difference in leaf toughness between habitat types, this additional effort
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required may decrease the time a sifaka has for other important activities such as socialization,
resting, and avoidance of predators (Cowlishaw, 1997; Dunham & Lambert, 2016).
Lastly, fecal particle size is another method for examining chewing efficiency in wild
animals (Hummel et al., 2008; Fritz et al., 2009). An increase in chewing time for individuals
with higher rates of tooth wear does not necessarily compensate for this lack of tooth
topography, as they can swallow larger particles (Perez-Barberia & Gordon, 1998b). Other later
digestive processes such as acid and enzymatic digestion and bacterial fermentation do not have
a large effect on particle size (Poppi et al., 1980; Murphy & Nicoletti, 1984; McLeod & Minson,
1988). Therefore, fecal particle size analysis has been used to determine chewing efficiency in
both primates (Matsuda et al., 2014; Venkataraman et al., 2014) and non-primates (Fritz et al.,
2009; Clauss et al., 2015) as a way to compare within and among species.

Materials and Methods
Assessing “Toughness” in Leaves

Nineteen species of plants were collected for this portion of the study during the dry
season in June 2016 (Table 3.1). These plants have leaves that are commonly eaten by the sifakas
as part of their diet. Leaves were opportunistically picked by field guides at Tsinjoarivo while
monitoring sifakas from both the fragmented forests of Mahatsinjo (FRAG 4-7; Appendix A)
and the continuous forests of Ankadivory (CONT 4 & 5). Care was taken to choose leaves about
the same age (i.e., – young leaves) and they were placed in coolers with an icepack for transport
back to camp for analysis. Temporary cold storage of leaves decreases decomposition rates and
reduces evaporation (Gates, 1968; Katterer et al., 1998).
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TABLE 3.1
Local Name
Babona
Kimba tenany
Maimbovitsika (Ambovitsika)
Rafy (Voarafy)
Rebosa
Rohindambo
Rotra mena BL
Sakaihazo
Takaloparihy
Takaloparihy voloina
Tavolo
Tongoalahy BL
Tongoalahy SL
Vahimainty
Vatsilambato
Vatsilana
Vatsilana nify
Vatsilana tenany
Voamalambotaholahy

Sampled food species from diet
of Propithecus diadema assessed for "toughness"
Family
Scientific Name
Apocynaceae
Mascarenhasia arborescens
Clusiaceae
Symphonia sp. 1
Pittosporaceae
Pittosporum verticillatum
Primulaceae
Maesa lanceolata
Rutaceae
Melicope madagascariensis
Smilacaceae
Smilax anceps var. kraussiana
Myrtaceae
Syzygium sp. 1
Sapindaceae
Allophyllus pinnatus
Primulaceae
Embelia concinna
Primulaceae
cf. Embelia
Lauraceae
Cryptocarya sp.
Loranthaceae
Bakerella clavata variant 1
Loranthaceae
Bakerella clavata variant 2
Apocynaceae
?Plectaneia
Araliaceae
Schefflera vantsilana
Araliaceae
Araliaceae
Clusiaceae

Schefflera staufferiana
cf. Polyscias sp.
Garcinia sp.

Time between sampling leaves and punches was dependent on location to camp;
Mahatsinjo is closer while samples from Ankadivory were hand carried in coolers for 4-5 hours.
Vincent (1983) found that the force required to fracture leaves was independent of water content
until the water content reached below 50%, then the mode of fracture changes with increased
stiffness. By keeping the leaves in a cool container, there was a reduced evaporation rate, which
helped to maintain the cell turgor pressure (Kramer & Boyer, 1995) and thus preventing changes
in mechanical properties. This storage method can be used up to 48 hours with no effect on
relative water content, although measurements preferably should be taken as soon as possible
(Aranwela et al., 1999; Cornelissen et al., 2003). Punch-and-die tests were performed within an
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hour arriving at camp, making the time from harvest to measurements between 2-6 hours
depending on the distance to camp.
The ‘punch and die’ method was used to obtain punch values using a penetrometer
(Figure 3.1). The penetrometer, a rod with a cylindrical flat end (3.5 mm), was pushed through a
hole while the leaf is clamped between two boards. A force was applied against the leaf until a
circular break was made. Although the leaf’s defense attributes such as density and venation
pattern are not individually measured, whole-leaf properties can provide significant values for
understanding overall features (Edwards et al., 2000).
The penetrometer was placed into the lamina avoiding midribs and secondary veins.
Leaves that were structurally compromised due to ripping or chewing were omitted. Number of
punches per leaf ranged from one to ten, depending on the size. Data for leaves that had
numerous punches without compromising the integrity of the leaf structure were averaged for a
single value. Using R software (Version 3.3.2; The R Foundation for Statistical Computing,
2018), a Wilcoxon test, also known as Mann-Whitney, was used to compare overall and speciesspecific leaf toughness between the two habitats.
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Figure 3.1. Penetrometer set-up. A leaf is held stationary between
two acrylic blocks with holes in the center. After resetting, the
penetrometer rod is inserted through the first hole and punctures the
leaf. The force required to fracture the leaf is recorded on the
penetrometer.

Food Intake Rates

Behavioral data were collected on Propithecus diadema in the fragmented forests of
Mahatsinjo and in the continuous forests of Vatateza and Ankadivory (Appendix A) by a team
led by Dr. M. Irwin. The sampled the time period was from September 16th, 2008 to August 29th,
2009; in total, the dataset spanned 347 days. Focal animals were followed and observed for daylong sampling. Continuous data were collected with each feeding bout recorded: specifically,
start and stop times to the nearest second, the species of food consumed, and the plant part or
size. The intake rate of food was determined by the total number of units eaten (i.e., - flowers,
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leaves or seeds) divided by the time in seconds to consume, creating an ingestion rate per second.
Higher calculated values indicate a greater intake of food per second, while lower calculated
values indicate slower ingestion. The dataset included animals from 7 groups (CONT 1, 2, 4 and
FRAG 2, 4, 5, 6) with 22 individuals also having a dental mold created in 2008.
Some plant species have multiple parts that are eaten by sifakas (i.e., flowers, leaves and
seeds); since these parts have different mechanical properties, each portion of the plant was
analyzed separately. Only foods that had over 55 intake rate samples from both the fragmented
and continuous forests were included in the analysis (Table 3.2). Individuals were included only
if their M2 dental wear (relief index and slope) was calculated for that year (n=22). Angularity
was not included since none of the measured teeth had reached senescence which was confirmed
by visual inspection of M2.

TABLE 3.2

Local Name
Rafy (Voarafy)
Tongoalahy SL
Vahimainty
Tavolo /
Tavolopika
Kimba Tenany
Maimbovitska
Tongoalahy SL

Foods with 55+ samplings eaten by Propithecus
diadema.
Sampling in Forest
Food
Scientific
Family
Continuous Fragmented Total
Type
Name
Young
Maesa
Primulaceae
leaf
lanceolata
344
809
1153
Flower
Bakerella
Loranthaceae
bud
clavata
95
403
498
Young
Apocynaceae
?Plectaneia
leaf
85
273
358
Seed
Young
leaf
Young
leaf
Young
leaf

Lauraceae
Clusiaceae
Pittosporaceae
Loranthaceae

Cryptocarya
Symphonia
sp. 1
Pittosporum
verticillatum
Bakerella
clavata
Total

98

220

318

58

242

300

59

150

209

56
795

62
2159

118
2954
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Linear mixed models were compiled using R software (Version 3.3.2; The R Foundation
for Statistical Computing, 2018; “nlme” package) to assess if the rate at which foods eaten by
sifakas are influenced by the fixed effects of dental wear (relief index and slope), habitat
(continuous versus fragmented) and sex. Angularity was not included since its dental wear
changes are seen at the later stages of tooth wear, and none of the 22 individuals had senescent
teeth. Interactions were also tested between dental wear and habitat, dental wear and sex, habitat
and sex, and a three-way interaction of all three. Factors were tested in a stepwise removal
fashion: the three-way interaction, followed by interaction of habitat type and sex, interaction of
dental wear and sex, interaction of dental wear and habitat type, then individual fixed effects of
sex, habitat type, and dental wear in that order. First, the full model was compared to a simplified
model with the interaction removed. The two models were compared using a likelihood ratio test.
If the removal of a term significantly reduced model likelihood, it was retained in the final
model. When an interaction was retained in the model, fixed factors involved in that interaction
were not tested. Individuals were sampled repeatedly and individual identity was included as a
random effect.

Wet Sieve Analysis

Multiple fecal samples were collected for 28 Propithecus diadema at Tsinjoarivo
(continuous = 11; fragmented = 17) for 110 total samples from groups inhabiting both forest
types (continuous = 35; fragmented = 75) from June 7th, 2016 to June 16th, 2016. Samples were
preserved in 10% formaldehyde and sent back to Northern Illinois University for processing
using the protocol by Fritz et al. (2009).
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Each sample was set in 1000 mL of water for a minimum of 12 hours. This was then
poured over a series of 7 sieves (sieve 1 = 4 mm, sieve 2 = 2 mm, sieve 3 = 1 mm, sieve 4 = 0.5
mm, sieve 5 = 0.25 mm, sieve 6 = 0.125 mm, sieve 7 = 0.063 mm) and washed with an
additional 1000 mL of water. Wet stacked sieves were set on a vibrating plate for 10 minutes,
after which particles from each sieve were placed on pre-weighed petri dishes for drying. Once
dry, petri dishes were re-weighed, and the mass of particles from each level was calculated. The
mean particle size, dMEAN, is the standard for description of mean particle size value obtained
from sieve analysis. The dMEAN is calculated as:

Where, p(i) = particle proportion of the total dry mass for a particular sieve, S(i+1) = maximum
particle size measured manually from sieve 1 and S(i) = the mean of the current sieve size and
the next larger sieve size.
A linear mixed model was compiled using R software (Version 3.3.2; The R Foundation
for Statistical Computing, 2018; “nlme” package) to assess if the fecal particle size is influenced
by the fixed effects of age and habitat type (continuous versus fragmented). Age is linked to
dental wear; there is increased dental wear that occurs as a sifaka becomes older, and therefore
we can use age as a fixed effect. Age was known for most younger individuals (n = 18), but for
unknown-aged individuals (n = 9), age was estimated using calculated dental wear and M.
Irwin’s capture notes. Individuals were sampled repeatedly and individual identity was included
as a random effect. Interactions were also tested between habitat and age. Factors were tested in
a stepwise removal fashion: interaction of habitat type and age, then individual fixed effects of
habitat type and age in that order. First, the fully loaded model was compared to a simplified
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model with the interaction removed. An ANOVA test of the two models (generating a likelihood
ratio test and associated p-value) was performed using maximum likelihood model fitting. If the
removal of a term caused a significant (p-value < 0.05) likelihood ration test, it was retained in
the final model. If an interaction was retained in the model, fixed factors involved in that
interaction were not tested.

Results

Leaf Toughness

Among the nineteen species sampled, 390 leaves were punched 1-10 times each for a
total of 2,547 punches. Values recorded ranged from 100 – 1000 gram-force (gf); punches that
did not register on the penetrometer (<100 gf) were assigned a value of 99 gf. When punched
multiple times on the same leaf, the punches were averaged to yield a single mean for that leaf.
Three plant species were sampled from both the continuous and fragmented forests:
Maimbovitsika, Rafy, and Tongoalahy BL.
Using Mann-Whitney-Wilcoxon tests, the hypothesis that the average toughness of leaves
is the same in both continuous and disturbed forests is rejected (W = 7064.5, p-value < 2.2e-16).
Leaves in the disturbed habitat were tougher than those in the more pristine habitat (Figure 3.2).
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Figure 3.2. Average toughness of leaves in continuous and disturbed forests. W
= 7064.5, p-value < 2.2e-16

Of the three species of plant collected from both types of habitat (Figure 3.3), these
specific plant types showed a significant difference in toughness, where leaves from the
disturbed areas had higher punch values (Maimbovitsika: W = 20.5, p-value = 1.54e-09; Rafy: W
= 77, p-value = 0.01325; and Tongoalahy BL: W = 235.5, p-value = 0.0008197).
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Figure 3.3. Plant species examined for toughness in both habitat types, continuous and
fragmented. Maimboitska: W = 20.5, p-value = 1.54e-09; Rafy: W = 77, p-value = 0.01325; and
Tongoalahy BL: W = 235.5, p-value = 0.0008197.

Intake Rate Data

Linear mixed models reveal that having worn teeth did not lead to changes in intake rates
except in the case of Tongoalahy SL flower buds (Table 3.3 and 3.4). Counterintuitively,
Tongoalahy SL flower buds were ingested at a higher rate by sifakas with low relief index (pvalue = 0.0001) and low slope values (p-value =0.0001). Males also ingested Tongoalahy SL
flower buds at a lower rate than females (p-value = 0.0363 & 0.0493). Rafy leaves were ingested
at a higher rate per second by sifakas in the fragmented forests (p-value = 0.0108 & 0.0131).
There is also an increase in intake rate of Tongoalahy SL flower buds by sifakas in the
fragmented forests (p-value = 0.0419). Young leaves of Vahimainty, Kimba tenany,
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Maimbovitsika, and Tongoalahy SL and Tavolo seeds did not reveal any ingestion rate
differences. There were no significant interactions between factors of habitat type, sex or dental
wear.
Table 3.3
Plant
Rafy (Young
leaf)

Tongoalahy SL
(Flower bud)

Vahimainty
(Young leaf)

Final fitted model of intake rate per second compared with relief
index, habitat type, and sex as fixed variables.
Fixed Effect
Coefficient ±SE
T
P

ANOVA
P

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.1540±0.0053
-0.0175±0.0067
------

29.1417
-2.6354
------

0.0000
-0.0159
------

-0.0670
0.0108
0.1860
0.3578
0.2886
0.6213
0.3585

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.5761±0.0482
-0.1580±0.0265
--0.0142±0.0094
-----

11.9508
-5.9733
--1.5090
-----

0.0000
0.0000
-0.1470
-----

-0.0001
0.0893
0.0493
0.8546
0.2966
0.4233
0.3022

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.2188 ±0.0051
--------

42.9708
--------

0.0000
--------

-0.8453
0.0930
0.3291
0.7065
0.9098
0.8856
0. 1966

(Continued on following page)
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Plant
Tavolo (Seed)

Kimba Tenany
(Young Leaf)

Maimbovitsika
(Young Leaf)

Tongoalahy SL
(Young Leaf)

Fixed Effect
(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

Coefficient ±SE
0.0364±0.0049
--------

T
7.2901
--------

P
0.0000
--------

P
-0.8497
0.7180
0.1863
0.3365
0.9629
0.6299
0.4136

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.2364±0.0063
--------

37.4207
--------

0.0000
--------

-0.2810
0.3495
0.4866
0.2837
0.0623
0.3892
0.7084

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.2178 ±0.0042
--------

51.5728
--------

0.0000
--------

-0.7988
0.5145
0.6677
0.7735
0.8289
0.8819
0.7431

(Intercept)
RI
TypeFRAG
SexM
RI:TypeFRAG
RI:SexM
TypeFRAG:SexM
RI:TypeFRAG:SexM

0.2312±0.0085
--------

27.3402
--------

0.0000
--------

-0.6695
0.8526
0.5824
0.1869
0.7899
0.4985
0.5589
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Table 3.4
Plant
Rafy (Young
leaf)

Tongoalahy SL
(Flower bud)

Vahimainty
(Young leaf)

Tavolo (Seed)

Final fitted model of intake rate per second compared with slope,
habitat type, and sex as fixed variables.
Fixed Effect
Coefficient ±SE
T
P

ANOVA
P

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.1541±0.0053
-0.0176±0.0067
------

29.1417
-2.6354
------

0.0000
-0.0159
------

-0.4076
0.0131
0.1841
0.6905
0.4291
0.5151
0.4139

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.4946±0.0458
-0.0052±0.0011
0.0250±0.0119
-0.0239±0.0108
-----

10.7924
-4.8540
2.0971
-2.2209
-----

0.0000
0.0001
0.0496
0.0387
-----

-0.0001
0.0419
0.0363
0.2734
0.6215
0.1088
0.4475

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM
(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.2188±0.0051
-------0.0364±0.0045
--------

42.9708
-------7.2902
--------

0.0000
-------0.0000
--------

-0.2569
0.0934
0.2197
0.1373
0.1839
0.6283
0.3331
-0.9570
0.7079
0.1933
0.2543
0.3785
0.7210
0.9483

(Continued on following page)
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Plant
Kimba Tenany
(Young Leaf)

Maimbovitsika
(Young Leaf)

Tongoalahy SL
(Young Leaf)

Fixed Effect

Coefficient ±SE

T

P

P

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.2364±0.0063
--------

37.4207
--------

0.0000
--------

-0.2311
0.3728
0.3992
0.1139
0.5351
0.3466
0.8780

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.2178±0.0042
--------

51.5728
--------

0.0000
--------

-0.8146
0.5046
0.6883
0.2383
0.3822
0.8978
0.1808

(Intercept)
Slope
TypeFRAG
SexM
Slope:TypeFRAG
Slope:SexM
TypeFRAG:SexM
Slope:TypeFRAG:SexM

0.2312±0.0085
--------

27.3402
--------

0.0000
--------

-0.8350
0.8317
0.5551
0.6457
0.8444
0.5416
0.4669

Fecal Particle Size

The linear mixed model revealed habitat type influences the dMEAN, or fecal particle
size (Figure 3.4 & 3.5): for those living in the fragmented forests, their fecal particle size
increases compared to those in the continuous forest (p-value = 0.0417). There was no effect of
age or interaction of the two factors (Table 3.5). The factor of age approached significance (pvalue = 0.0833; Figure 3.5).
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Figure 3.4. Boxplots of fecal particle size (dMEAN) between habitat types.
Fecal particle size was analyzed with 110 total samples (continuous = 35;

fragmented = 75). There is a significant difference in fecal particle sizes
between the two types of habitats in Tsinjoarivo (p-value = 0.0417).
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Figure 3.5. Fecal particle size (dMEAN) and age by habitat type in Propithecus diadema in
Tsinjoarivo, Madagascar. There is a positive correlation between fecal particle size and age (habitat
samples: continuous = 35; fragmented = 75).

Table 3.5 Final fitted model of fecal particle size
(dMEAN) compared to habitat type and age.
ANOVA
Fixed Effect
Coefficient ±SE
z
P
P
0.6898±0.0458
15.0643 0.0000
(Intercept)
--Age
--0.0833
0.0978±0.0562
TypeFRAG
1.7407 0.0936 0.0417
TypeFRAG:Age
---0.5674
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Discussion
Forest fragmentation’s effects on the sifakas’ ability to ingest and chew food are not
simple. First, there is a difference in the assessed toughness of leaves available within intact and
disturbed habitats. “Edge effects” in disturbed habitats have likely influenced the toughness of
leaves through fluctuations in solar radiation, wind and water. As a leaf develops its defenses in
the fragmented forests, the increase in radiation (Givnish, 1988; Kapos, 1989; Onoda et al.,
2011) and external forces of wind and rain (Moen, 1974; Niklas, 1992) causes the plant to
increase toughness as a way to combat those hazards. Future studies should seek to define exact
parameters for sampling leaves at Tsinjoarivo such as height, light availability, and soil nutrients
to determine if these specific variables have a particular effect on leaf toughness.
Secondly, sifakas in the fragmented forest show some change in food ingestion rate, but
modification of this rate was found in only two foods (Rafy and Tongoalahy SL) out of seven
tested, with higher intake rates in the fragmented forest. Overall, these data cannot confirm an
overall modification to their mastication behavior. While sifakas in fragment forests consume
very different foods (and proportions of foods) than those in the continuous forests, their
different diet does not appear to lead to differences in overall intake rates for most of the plant
species tested. Intake rate varied with tooth wear for only one food (Tongoalahy SL) as intake
rates were inversely related to relief index and slope. Strangely, this effect was in the opposite
direction than predicted (higher intake rates with more worn teeth).
The fragmented forests are known for their reduced food quality (Irwin et al., 2014), and
a possible adjustment is to ingest more leaves in a shorter time span. Another possible
explanation as to why Rafy leaves were ingested at a higher rate may have to do with the size of

53
the leaves. If young leaves in the fragmented forests are smaller than those in continuous forests,
this might explain the higher intake rate. Further investigation into how fragmentation affects the
size of foods commonly eaten by sifakas at Tsinjoarivo is warranted to determine if there are
significant changes between habitat types.
Sifaka groups living in fragmented forests also contain fewer individuals than the
continuous forest groups. Fragmented forest groups usually contain 3-5 individuals, with the
largest group size of 8. In contrast, continuous forest sifaka groups have up to 12 members
including infants. The smaller groups in the fragmented forests have less cohesion and these
sifakas spread out more for the available resources (Irwin, 2007). Socialization (i.e., play or
grooming) would not occur as often and thus leads to fewer distractions from eating.
The rate at which flower buds of Tongoalahy SL are ingested is significantly lower due
increased dental wear and sex, but ingestion rates are significantly higher in the fragmented
forests. Lower slope and lower relief index values cause a decrease in the number of flower buds
eaten. Without ideal high cusps for shearing, food processing is not effective. The rate of
Tongoalahy SL flower bud ingestion is also influenced by the sex of the sifaka. Males take in
fewer flower buds per minute when compared to females. This observation can be explained by
female dominance, where the females will choose higher quality food patches for themselves and
exclude subordinates. Males do not have access to preferred foods. When combined with the
type of habitat, those males in fragmented forests are not only processing food poorly, but they
are trying to increase the number of flower buds consumed.
While fragmentation affects the toughness of the foods that Propithecus diadema eats, it
does not appear that they are exhibiting overall modifications in their chewing behaviors to
compensate. One explanation for the lack of differences in intake rates could be in the lack of
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extreme dental wear. The oldest known-aged individual analyzed in this sample was estimated to
be 16 years old (MAHA2_RAD) and this age may not be old enough to detect any major change
in chewing rates, as this individuals’ most worn tooth was not yet senescent.
Plants that did not show significant effects on intake rates also had limited data (<358
ingestion rate samples per plant type) so for these plants, sample size may not have been large
enough to detect real differences. One may think that this problem could be solved with a broad
category of plant species, where all parts of the specific plant were lumped together into single
category. This would increase the data available per plant, but as different parts of the plant vary
in mechanical properties (leaf versus bud versus seed), this type of categorization would produce
misleading results.
Lastly, the presence of larger fecal particle sizes seen in the sifakas of the fragmented
forests indicates a decrease in chewing efficiency compared to sifakas in continuous forests. This
study found an accelerated decrease in tooth slope with age in fragmented forest sifakas (see
Chapter 2) which could contribute to larger food particles. With less sloped teeth, fragmented
forest sifakas cannot process their foods as efficiently, leading to this increase in fecal particle
size. Previous research on diademed sifakas has shown variation in diets (Irwin, 2008), juvenile
growth rates (Irwin, et al., 2007), and physiological health (Irwin et al., 2010) between the
fragmented and pristine forests. Therefore, it is not surprising to find a difference in fecal particle
size since all the factors studied by Irwin et al. relate to nutrient intake. The decreased surface
area-to-volume ratio of larger particle sizes inhibits the digestibility of the food, potentially
preventing additional calories and nutrients from being absorbed (Bjorndal et al., 1990).
Therefore, this decreased absorption may actually exacerbate the observed decreased in nutrient
intakes relative to groups in less-disturbed forest.
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Propithecus diadema is surviving in its habitat at Tsinjoarivo, but forest fragmentation
has affected the foods they eat and their ability to process foods efficiently. Forest fragmentation
has created “tougher” leaves which are more difficult to shear and break. While there is some
evidence of modified chewing behavior to compensate for this increased “toughness,” it only
appears to be relevant for certain foods such as young Rafy leaves and Tongoalahy SL flower
buds. Lastly, fecal particle size is larger in fragmented areas and suggests a decrease in chewing
efficiency. The changes at the Tsinjoarivo forest have decreased the sifaka’s capability of
gaining nutrients and energy from the environment, and this nutrient deficiency may contribute
an important context for explaining differences in male juvenile growth rates and their
physiological health.
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CHAPTER 4: REPRODUCTIVE SUCCESS IN PROPITHECUS DIADEMA AT
TSINJOARIVO

Background

In addition to having distinct seasons, Madagascar is known for having a more
unpredictable environment than other tropical regions (Wright, 1999; Dewar & Richard, 2007).
The Malagasy rainforest is no exception with dangers from cyclones and from unreliable levels
of rainfall that also vary from year to year. Like other lemurs, Propithecus diadema’s life history
has adapted to its surroundings, tying its reproductive schedule tightly to specific seasons.
Copulation occurs in December and January, with most births in June (Wright, 1995; Pochron et
al., 2004; Irwin, 2006). Born during the “lean” season, infants are carried by their mothers who
produce a dilute milk until weaning which occurs around six months of age (Tilden & Oftedal,
1997).
Sifakas have rapid dental development due to their mechanically challenging diet, and
this dental competence allows for an earlier independence from their mother to ingest adult foods
(Godfrey et al., 2004). At birth, infant sifakas have a fully erupted set of small vestigial milk
teeth and they also possess advanced calcification of the adult M1 and M2 molar crowns
(Godfrey et al., 2002). At four months, M1 molars have erupted, and just before weaning at six
months the second molars, replacement incisors and posterior premolars erupt. Except for the
upper canine, all permanent teeth have erupted by the age of eight months (Godfrey et al., 2001;
2002; Schwartz et al., 2002).
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Half of Propithecus edwardsi and Propithecus verreauxi infants do not survive their first
year, and less than 25% of young females make it to the reproductive age of four (Richard et al.,
2002; Pochron et al., 2004). With a high mortality rate, how are sifakas able to maintain their
populations? The answer likely relates to their extended reproductive life spans (Godfrey et al.,
2004). From reproductive maturity at 4 years old until their deaths, females have the same
fertility rate (King et al., 2005), with an average interbirth interval of 1.5 years (Pochron et al.,
2004). It seems that the quick independence gained from the mother is not of great value to the
infant; rather, it allows a shortened maternal investment to aid in the mother’s long-term
survival. In short, mothers with a longer lifespans can wait out “bad years” for more successful
ones (Godfrey et al., 2004).
Early dental eruption means an earlier onset for the use of those teeth;. This early use
combined with a fibrous diet, could mean that dental senescence is particularly problematic over
the lifetime of sifakas. As the cusps wear down, dentin is first exposed as small islands
surrounded by enamel. This creates secondary cutting edges which maintains the overall
shearing blade length (Janis & Fortelius, 1988; Lucas, 2004). As the tooth becomes more heavily
worn, there is a progressive diminution of function that is associated with decreased survival and
reproductive success (King et al., 2005; 2012). As the tooth senesces, cusps will continue to
wear through occlusal enamel, obliterating the compensatory shearing crests and removing the
ability to shear foods effectively. Propithecus edwardsi infants of dentally senescent mothers
experience a decrease in survival probability in years of low rainfall, likely due to the fact that
mothers cannot provide adequate nutrients and water for their infant (King et al., 2005). These
environmental fluctuations may have similar consequences for Propithecus diadema in
Tsinjoarivo.
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This study seeks to determine if and when Propithecus diadema is reaching dental
senescence in the forests of Tsinjoarivo and if total yearly rainfall, along with dental wear,
influences an infant’s survival probability. As some of the sifaka mothers in this study are of an
unknown age, relief index, slope and angularity calculated from their tooth casts are used to
determine an estimated age range using equations calibrated with known-age individuals. In this
study, tooth casts are scored for senescence (e.g., when the tooth has been reduced to a shallow
dentine bowl surrounded by a low relief enamel band; King et al., 2005). Dental wear of the
mother is then related to infant survival, and infant survival is compared to total rainfall in the
year following birth to establish if survival can be linked to environmental fluctuations.

Materials and Methods

Age Estimations

Groups of Propithecus diadema have been monitored at Tsinjoarivo, Madagascar since
2002 by teams led by Dr. M. Irwin. During capture, mandibular tooth molds of anesthetized
sifakas were created with polyvinylsiloxane-based, high precision impression material and
allowed to fully dry (President JET Plus, Light Body). At Northern Illinois University, tooth
molds were cast with dental stone (WhipMix Orthodontic Plaster) and set on a vibrating plate to
remove air bubbles. Tooth casts were scanned at Imaging Technology Group of Beckmann
Institute for Advanced Sciences and Technology in Urbana, IL, with the Steinbichler COMET
L3D 2M (resolution: 1600 x 1200 dpi). Cloud point data from the tooth were first edited in
MeshMixer software (Version 3.2; Autodesk, 2017) software to highlight the second mandibular
molar, and remove bubbles and fill in minute holes. Cloud point data were exported from
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MeshMixer as ASCII files, then opened in CloudCompare (Version 2.9 beta; Omnia, 2017) to
orient the tooth to an occlusal view, and saved as a shapefile. Once in a shapefile, geographic
information systems (GIS) was used to analyze surface topography (Klukkert et al., 2012). The
cloud data of the tooth was imported into ArcMap (Version 10.4.1; Esri, 2017) and data on relief
index, slope, and angularity were collected using functions available in ArcMap (Appendix C &
D).
Approximate ages of 23 individuals, some casted repeatedly, were calculated from 77
mandibular molar casts of known-aged individuals ranging in age from 1 to 14 years old. The 54
unknown-age teeth were derived from 23 sifakas (individuals were repeatedly sampled), 11 from
the continuous forest (=CONT) and 12 from the fragmented forest (=FRAG). The 77 knownaged teeth consisted of 54 sifakas, 29 from continuous forest and 25 from the fragmented forest.
Using inverse predictions in R software (Version 3.3.2; The R Foundation for Statistical
Computing, 2018; “chemCal” package), linear regression was utilized to calculate approximate
ages and 95% confidence interval with relief index, slope, and angularity. This was done using
three approaches: by each individual group (FRAG 1-7; CONT 1-5; Appendix A), by each type
of forest (continuous or fragmented), and over all known-aged sifakas at Tsinjoarivo. Separate
analyses were performed for each of the three dental variables, and a final age approximation
was determined as the age range over which the estimated confidence intervals for relief index,
slope, and angularity overlapped.
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Infant Survival & Rainfall

Data on Propithecus diadema infant births and group composition were collected from
seven FRAG groups and five CONT groups as part of the ongoing long-term study by Dr. M.
Irwin. Because lemurs are reproductively synchronous, infants are expected in June and
monitored for their presence during the year. Data were separated to include females whose
infants survived past the first year of life and infants that did not. Infants that clearly died due to
predation or infanticide were not included in this study.
From 2002 to 2017, 68 births of Propithecus diadema were recorded at Tsinjoarivo,
excluding three presumed infanticides. Four births by two mothers (MAHA6_RAD in 2007 &
2008, and ANKA2_RAD in 2008 & 2009) were excluded since there was no known age or the
mother was never captured and thus no tooth mold was created to estimate age. The number of
individual tooth casts from sifaka mothers of known and estimated ages was 64 (14 individual
mothers; continuous forest = 7; fragmented forest = 7) ranging in age from 4 to 20.25 years old.
Among the 64 births, there were 6 infants that did not survive past one year by four mothers:
MAHA5_BR (2013), MAHA5_GR (2014), MAHA6_RAD (2017), and VATA1_PB (2007,
2012, & 2017).
To focus on dental wear, 15 births were then excluded if the mother did not have a tooth
mold done within one year of the infant’s birth. This trimmed the data set down to a total of 49
teeth (13 total mothers; continuous forest = 6; fragmented forest = 7). Four infants from three
mothers MAHA5_BR (2013), MAHA6_RAD (2017), and VATA1_PB (2007 & 2017) did not
survive to one year old.
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Rainfall data were collected at Tsinjoarivo from October 2001 to June 2007 and October
2008 to June 2018. Data missing from July 2007 to September 2008 was replaced with data from
The World Bank Group’s Climate Change Knowledge Project (worldbank.org/climateportal) for
average monthly rainfall in Madagascar at location (-19.63, 47.68), which is approximately in
the region of Tsinjoarivo.
Two binomial generalized linear mixed models (GLMM) using a binary response were
assembled in R software (Version 3.3.2; The R Foundation for Statistical Computing, 2018;
“lme4” package), testing each variable for significance with a likelihood ratio test (p < .05). The
first GLMM tested morality among all known- and estimated-aged sifakas (n = 64 births), with
yearly rainfall amount following birth, type of forest (continuous or fragmented), and maternal
age as fixed factors, and the individual sifaka sampled repeatedly was considered a random
factor. The binary response variable referred to whether the infant survived past one year ( = 1)
or died before one year of age ( = 0).
The second GLMM only included those sifaka mothers who had a dental mold done
within a year of the birth of that infant (n = 49). There were three separate models, one for each
fixed variable of dental wear type (relief index, slope, and angularity) calculated in ArcMap and
included other fixed factors of habitat type, yearly rainfall amount, and age. The response
variable was binary, with survival of the infant past one year ( =1) or death before one year ( =0).
Factors were tested in a stepwise removal fashion starting with individual fixed effects of
total rainfall amount, then habitat type, dental wear (if applicable) and age. First, the fully loaded
model was compared to a simplified model with a factor removed. An ANOVA test of the two
models (generating a likelihood ratio test and associated p-value) was performed using maximum
likelihood model fitting. If the removal of a term significantly (p-value < 0.05) reduced model
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likelihood, it was retained in the final model. If the term was not significant, it was discarded and
the next term was dropped and compared to this reduced model.

Results

Age Calculations

Estimated age was calculated for unknown-age sifakas (Appendix D). Slope was able to
give a narrower approximate age range for Propithecus diadema compared to relief index.
Occasionally, relief index was useful in “trimming” the age range, but slope was a better
predictor of age overall. It appears that angularity was not very useful in practice in determining
the age of a sifaka since angularity’s values do not change greatly until the very end of the
tooth’s life.
The most worn tooth was determined by the lowest slope value calculated among the
sifakas and confirmed with visual inspection and comparison to other worn teeth (Figure 4.1).
MAHA2_RAD (2013) had the lowest slope value of 29.4782 (the slope of a juvenile’s tooth is
usually in the middle forties). MAHA2_RAD’s calculated estimate age range is 21.1-25.2 years
old. Notes from her capture in 2003, note an estimated birth year of 1991 (based on visual
inspection only), which makes her 22 years old in 2013 when the tooth mold was taken.
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Figure 4.1. Comparison of a juvenile tooth and a heavily worn tooth. (A) A juvenile tooth
(MAHA2_JUV) approximately one year of age. (B) Most worn tooth of the Tsinjoarivo sifakas
(MAHA2_RAD 2013). Estimate age is 21.1-25.2 years old.

When comparing individual teeth of approximate 18-year-old sifakas, their tooth wear
varies. They all have worn through the enamel, but the amount of dentin exposure is greater on
some molars versus others. The most worn tooth of the 18-year-old sifakas still has
compensatory blades present in the trigonid and talonid basins (Figure 4.2). Thus, dental
senescence has not occurred by 18, unlike the King et al. (2005) study on Propithecus edwardsi.
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Figure 4.2. Comparison of M 2 of sifakas approximately aged 18 years old. (A) VATA1_BR2011; estimated age 15.2-21.1.
(B)ANKA1_RAD2013; estimated age 14.2-23.9. (C)MAHA2_RAD2008; estimated age 16.8-20.4. (D) VATA2_PB2013;
estimated age 16.6-21.3.

Rainfall and Survival

The birthrate was calculated among the sifaka mothers who had given birth more than
twice at Tsinjoarivo from 2002-2017. The interbirth interval is the inverse of the birthrate
(Figure 4.1). The overall average birthrate and interbirth interval among the 10 mothers was
0.6976 (69.76%) and 1.4828 years respectively. However, the variance was marked, with some
females birthing nearly every year and others birthing in only 50% of years.
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Table 4.1
Name
VATA1_BR
VATA1_PB
VATA2_RAD
ANKA1_RAD
ANKA1_PR
MAHA4_RAD
MAHA2_RAD
MAHA5_BR
MAHA5_GR
MAHA6_RAD

Calculation of birthrate and interbirth interval
of Propithecus diadema at Tsinjoarivo
Years
with Birth
13
10
8
4
6
10
7
3
3
3

Years
Total
without Birth Years
3
16
1
11
6
14
2
6
2
8
2
12
5
12
3
6
1
4
2
5
Average Overall

Birth
Rate
0.8125
0.9091
0.5714
0.6667
0.7500
0.8333
0.5833
0.5000
0.7500
0.6000
0.6976

Interbirth
Interval
1.2308
1.1000
1.7500
1.5000
1.3333
1.2000
1.7143
2.0000
1.3333
1.6667
1.4828

Out of the 49 births for which the mother’s dental wear was calculated, only four infants
did not survive until one year of age, making their survival rate 91.8%. When all births (n = 68,
excluding three infanticides) are considered, 6 infants died before the first year, making a
survival rate of 91.2%. If we include the three infanticides (n = 71), this is an overall survival
rate of 87.3%.
Average rainfall at Tsinjoarivo from 2002-2018 was 2,057.9 mm per year. Rainfall totals
during the infant’s first year varied from 1,624-2,824.7 mm with deaths among all known- and
calculated-aged sifakas occurring in that range (Figure 4.3 & 4.4). The range of the mothers’
ages varied from 4 to 20.25 years, with infant deaths occurring in mothers aged 4 to 14 with
dental wear calculations (n = 49) and 4 to 18.3 amongst all sifakas studied (n = 64; Figure 4.5 &
4.6). Dental wear readings from the mothers ranged from 1.42-1.99 for relief index, 29.48-44.98
for slope, and 89.2-89.59 for angularity. The dental wear readings of mothers whose infants did
not survive ranged 1.61-1.99 for relief index, 35.27-40.87 for slope, and 89.30-89.45 for
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angularity (Figure 4.7, 4.8, & 4.9). There was no clustering of these deaths at any extreme of
dental wear, age or rainfall amount.
Generalized linear mixed models with likelihood ratio tests were attempted to confirm
that age, total yearly rainfall, and type of habitat did not influence the survival rate of the infants
among all of the sifakas (Table 4.2). Among the sifaka mothers with calculated dental wear,
relief index, slope and angularity also did not influence the infant survival (Table 4.3). However,
the resulting coefficients are much higher than expected; with a binary response, the coefficient
should be between 0 and 1. But due to the rarity of infant deaths at Tsinjoarivo, it is more
difficult to estimate the coefficient properly.

Figure 4.3. Comparison of yearly rainfall to infant survival among all 68 sifakas. “Zero”
refers to death before one year of age and “1” refers to survival past the first year of life.
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Figure 4.4. Comparison of yearly rainfall to infant survival among the 49 sifakas with
calculated dental wear. “Zero” refers to death before one year of age and “1” refers to
survival past the first year of life.
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Figure 4.5. Comparison of mother’s age to infant survival among all 64 sifakas. “Zero”
refers to death before one year of age and “1” refers to survival past the first year of life.
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Figure 4.6. Comparison of mother’s age to infant survival among 49 sifakas with
calculated dental wear. “Zero” refers to death before one year of age and “1” refers to
survival past the first year of life.
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Figure 4.7. Comparison of relief index of the mothers’ M 2 to infant survival. “Zero” refers
to death before one year of age and “1” refers to survival past the first year of life.
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Figure 4.8. Comparison of slope of the mothers’ M 2 to infant survival. “Zero” refers to
death before one year of age and “1” refers to survival past the first year of life.
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Figure 4.9. Comparison of angularity of the mothers’ M 2 to infant survival. “Zero” refers
to death before one year of age and “1” refers to survival past the first year of life.

Table 4.2
Fixed Effect
(Intercept)
Age
TypeFRAG
Total Rainfall

Final fitted model of infant survival
compared with habitat type, age and
yearly rainfall among all sifakas.
Coefficient ±SE
z
P
2.7976±0.8881
3.1500
0.0016
----------

ANOVA
P
-0.1284
0.7056
0.6207
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Table 4.3
Tooth Wear
Relief Index

Slope

Angularity

Final fitted model of infant survival compared with each
mother's dental wear factor, habitat type, age and yearly rainfall.
Fixed Effect
Coefficient ±SE
z
P
3.557±1.857
1.9150
0.0554
(Intercept)
Age
---RI
---TypeFRAG
---Total Rainfall
---3.557±1.857
1.9150
0.0554
(Intercept)
Age
---Slope
---TypeFRAG
---Total Rainfall
---3.557±1.857
1.9150
0.0554
(Intercept)
Age
---Angularity
---TypeFRAG
---Total Rainfall
----

ANOVA
P
-0.2513
0.7932
0.6186
0.5868
-0.2513
0.2192
0.4413
0.6170
-0.2513
0.4815
0.4924
0.5686

Discussion
The sifakas’ teeth sampled at Tsinjoarivo do not show any signs of dental senescence.
When looking at the most worn tooth (MAHA2_RAD), the mandibular molar is flattened and
smoothed, with slight compensatory shearing crests still present in the trigonid and talonid basin.
However, this is not a dentin bowl as seen in Propithecus edwardsi for which the onset of dental
senescence occurs as early as 18 years of age (Figure 4.10). Other Propithecus diadema at
around 18 years old do not show wear consistent with dental senescence. The sifakas’ tooth
topography at Tsinjoarivo seems to show a slower wear progression compared with other sifakas
(i.e., King et al., 2005). Since the topography is not eliminated, the teeth of Propithecus diadema
are still able to process the high fibrous diet with the compensatory shearing blades, even though
the blades are minimal.
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King et al., 2005
Figure 4.10. Dentin exposure of M 2 by Propithecus edwardsi. Dental
senescence occurs when the occlusal table is reduced to a dentin bowl surrounded
by an enamel collar. Shearing blades are maintained by secondary crests until 18
years of age.

At Tsinjoarivo, the amount of rainfall and dental wear of a mother did not influence the
survival of Propithecus diadema infants past one year. Infant deaths spanned across the yearly
rainfall totals, with no clustering by lowest rainfall. These same infant deaths also occurred to
mothers whose dental wear was varied; some individual mothers had very low rates of dental
wear while others’ teeth were further flattened. Propithecus diadema is not reaching senescence
as quickly as other closely-related sifakas (e.g., Propithecus edwardsi). It is possible that this
extension of functional tooth life could delay an increase in infant deaths due to the mother’s
continuing capability to provide nutrients and water for her young? Possibly, but Tsinjoarivo
sifakas’ infant survival (91.8% survival to one year) seems unusually high across all life stages;
even non-senescent Propithecus edwardsi mothers’ infants have close to a fifty percent survival
rate (Pochron et al., 2004).
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It should also be noted that the average rainfall in Ranomafana National Park, the forest
where studies by King et al. (2005) were conducted, was 3,090 mm a year, whereas in
Tsinjoarivo average yearly rainfall was 2,056 mm. This is over 1,000 mm difference in rainfall
between the two sites. However, it is unclear why lower rainfall should be associated with slower
dental wear. In addition, unlike Propithecus edwardsi, Propithecus diadema at the same
approximate age in the high-altitude rainforests does not seem as susceptible to fluctuations in
rainfall with regards to infant survival.
While the results of this study are encouraging for the long-term viability of this
population, future studies will need to include additional data in order to have more reliable
statistical results. Tests in this study have low statistical power, in large part due to very low
infant mortality; even after 16 years of collecting data from different forest groups, most infants
are surviving into their first year, making it difficult to determine which factors affect the
survival outcome. Deaths that occur are infrequent and cannot be directly attributed to
environmental fluctuations like rainfall, tooth wear, or habitat type. In the future, with a larger
sample size, it may be possible to more clearly link these factors to infant survival.
There is no obvious clue as to why there are better outcomes in birthrate and infant
survival among Tsinjoarivo’s sifakas. Sifakas have been described as “bet-hedgers,” meaning
their strategic adaptation to the unpredictable environment is a long reproductive lifespan
combined with limiting the mother’s investment in her young (Richard et al., 2002; Godfrey et
al., 2004). An infant’s rapid dental development and dental competence at weaning allows for
earlier independence from the mother as the infants become ecological “adults” and can process
fibrous foods at an early age. This is paired with slower somatic growth that delays first
reproduction. This “slow and steady” approach enables mothers to reproduce at a stable rate
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during good years, while waiting it out during more challenging years when needed (Godfrey et
al., 2004).
“Good” and “bad” years could be considered relative in terms of rainfall. Beza Mahafaly,
in the southwest of Madagascar where Propithecus verreauxi has been extensively studied, is the
driest region of the island where total annual rainfall can be less than 500 mm while the highest
levels are approximately 1,300 mm a year. Drought years are known to cause a decrease in
fertility and infant survival for Propithecus verreauxi (Richard et al., 2002). Propithecus
edwardsi in Ranomafana National Park, a rainforest similar to Tsinjoarivo, had constant fertility
rates but higher infant deaths among dentally senescent mothers when yearly rainfalls were low
(King et al., 2005). But this “low” described at Ranomafana (2,300 mm a year) is close to a
“high” rainfall year at Tsinjoarivo (2,500 mm; Pochron et al., 2004, Irwin, unpublished data).
However, the survival of infants at Tsinjoarivo is higher, despite this lower rainfall.
One possible explanation for this outcome at Tsinjoarivo is the presence of the Onive
river. The Onive is the largest tributary of the Mangoro River, which itself is the largest river on
the eastern coast of Madagascar. Ranomafana National Park has the Namorona River and this
river is not as wide as the Onive. The Onive river could be supplying a higher amount of
additional water for the forest as it passes through Tsinjoarivo than does the Namorona River to
Ranomafana. Water and other resources are shared underground through fungal mycorrhizal
networks, and can be a way for plants to survive drought (Auge, 2001; Egerton-Warburton et al.,
2007; Smith & Read, 2008). This supplemental water to Tsinjoarivo could balance the availably
of foods for sifakas when rainfall totals are low for the region.
Sifakas at Tsinjoarivo may also be more resilient to their changing environment through
epigenetic mechanisms, or heritable changes in gene expression and function that does not result
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from changes to the DNA sequence (Richards, 2006; Bird, 2007). Epigenetic modifications are
influenced by an organism’s physical, nutritional, and behavioral environment, and there is
persuasive evidence that environmentally induced epigenetic effects that modify behaviors can
be transmitted between generations (Arai & Feig, 2011). These behavioral variations to
environmental stimuli can be inherited though the germline (Anway et al., 2005; Franklin et al.,
2010) or while developing in utero (Zielinski et al., 1991; Skinner & Guerrero-Bosagna, 2009).
In an altered environment, these modifications have the ability to enhance fitness of offspring by
allowing parents to pass on learned behaviors or other beneficial acquired traits (Avital &
Jablonka, 2000; Bonduriansky & Head, 2007). When environmental change is too rapid for
genetic variation to arise, epigenetic modifications are relatively quick and can potentially
facilitate population persistence (Bonduriansky & Day, 2009). Propithecus diadema’s ability to
pass along behaviors “quickly” to their young may have contributed to their survival rate.
Future studies should also examine the influence of predators on the survival and
population turnover of sifakas at Tsinjoarivo. Nomadic predators like Cryptoprocta (fossa) are
reported as the main predator of Propithecus edwardsi at Ranomafana (Wright, 1995; Irwin,
Raharison, & Wright, 2009). Cryptoprocta is also present in Tsinjoarivo and in 2005 fossas were
recorded as the cause for the demise of a fragmented forest sifaka group as well as individuals in
multiple groups (Irwin et al., 2009). Since then, few sifaka deaths have been confirmed or
speculated by a fossa, but their density in the region has not been thoroughly studied. In dry
forests, fossa have low density and large home ranges (Hawkins & Racey, 2005) but they might
have larger home ranges in the rainforests since there is a low density of prey (Irwin, 2006b).
This would suggest longer return times between kills in a particular group, leading to fewer
lemur deaths, particularly for young individuals that are not as hypervigilant as older ones.
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Although Tsinjoarivo suffers from habitat disturbance, the ecological consequences could
be less than anticipated. Environmental fluctuations do not seem to have drastic consequences on
sifaka infants, and they are routinely surviving beyond their first year, an optimistic assessment
for their population viability at Tsinjoarivo. The birthrate (nearly 70%) of Propithecus diadema
at Tsinjoarivo is much higher than recorded for Propithecus edwardsi at Ranomafana (48%;
Wright, 1995). Continued monitoring of the Propithecus diadema population at Tsinjoarivo is
necessary to confirm these results over the long term, as some of these consequences may be
playing out over a much longer time scale than is being recorded in this dissertation.
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CHAPTER 5: CONCLUSIONS ON PROPITHECUS DIADEMA AT TSINJOARIVO

Extensive habitat loss in the Tsinjoarivo region has made Propithecus diadema a
critically endangered species. As forests have become fragmented, sifakas must adapt in order to
survive and it is well documented that they have altered their diets (Irwin, 2006a). This dietary
shift has caused changes in health (Irwin et al., 2010), in growth (Irwin et al., 2007), and in
group dynamics (Irwin, 2007). Sifakas need to process a very fibrous diet at a younger age
compared to other lemurs (Godfrey et al., 2001). With early use of their teeth comes the potential
for an earlier onset of dental senescence and this study has demonstrated that forest
fragmentation has consequences on the teeth of the Tsinjoarivo sifakas. There are significant
differences in the dental wear of sifakas living in fragmented versus continuous forests. Those in
disturbed areas have a faster decrease in slope of their teeth (i.e., the “sharpness” of the tooth is
dulling faster; Ungar & M’Kirera, 2003). The differential rate of change in relief index between
the two forest types approached significance but a substantial difference was not detected in this
study. Future work with a larger sample size might reveal an accelerated decrease in relief index,
indicating a further lack of shearing ability. These dental changes in topography cause a decrease
in chewing efficiency when processing a mechanically challenging diet.
Forest fragmentation has produced “tougher” leaves in the disturbed fragments at
Tsinjoarivo, and this leaf transformation is a contributor to the sifaka’s increase in dental wear in
the fragmented forests. Smaller forest fragments are more affected by changes in the physical
changes in the environment such as solar radiation, wind and water erosion. These fluxes cause
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plants to increase leaf toughness as a way to contend with these escalated hazards (Harris, 1988;
Janzen, 1983). Solar radiation is able to penetrate deeper into the canopy creating higher
temperatures, wind exposure intensifies leaf damage and transfers dentally abrasive materials
like grit, and erosion can rush away top soil and vital nutrients for trees. These disturbances are
likely impacting the mechanical properties of leaves in Tsinjoarivo.
While leaf toughness may be a contributor to an accelerated decrease in dental slope in
the fragmented forest sifakas, it is not the only potential cause of differing rates of dental wear.
Abrasion can also occur due to exogenous grit and dust present on the foods (Covert & Kay,
1981; Peters, 1982; Ungar et al., 1995) and biogenic silica within foods (Rabenold & Pearson,
2011, 2014; Lucas et al., 2014) . Chemical erosion due to acidity in certain foods can also cause
tooth wear, but this is limited in sifakas with their saliva’s buffering capacity (Cuozzo et al.,
2008). Another aspect to consider is the frequency to which teeth are used and the amount of
food consumed, with some sifakas eating more or less than others (Yamashita et al., 2016). In
other words, even if two diets have similar physical and chemical properties, one population
having access to foods of lower nutritional quality may eat more to compensate, thus
experiencing faster dental wear due to quantity of food ingested rather than aspects of food
quality. The interaction of these causal factors can produce a wide range of wear patterns in
different populations, and further study of these factors is necessary to understanding the full
effect on Propithecus diadema’s dental wear. This study quantified leave toughness between the
forest habitats, but further work would be needed to rule out (or confirm) these other factors.
One way to compensate for the loss of tooth topography is to increase chewing time for
longer processing, of food substances which in turn causes a lower intake rate; this does not
appear to be the case in Propithecus diadema at Tsinjoarivo. While rates of ingestion differed for
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some foods, there was no clear pattern. Although there is a difference in dental wear between the
habitat types, teeth are not flattening as quickly as has been reported in one other sifaka species
(Propithecus edwardsi; King et al., 2005). Therefore, sifakas at Tsinjoarivo are likely not
reaching a tooth flattening threshold which requires them to compensate with additional chewing
strokes to process the same amount of food.
On the other hand, increased dental wear in fragmented forest sifakas is having an effect
on the outcome of particle size in their feces. The loss of molar crests means that their teeth are
not efficiently shearing foods into digestible pieces. There was a significant increase in fecal
particle size in fragmented forest sifakas compared to continuous forest sifakas. However, it is
unclear if this distinction is due to tooth properties, food properties, or a combination of both.
Larger particle sizes inhibit the digestibility of food and may reduce the amount of calories and
nutrients from being absorbed in the gut (Bjorndal et al., 1990). This distinction in particle sizes
provides an important perspective as to the delayed juvenile growth rates and physiological
health of sifakas in the fragmented forests (Irwin et al., 2007, 2010).
The amount of rainfall at Tsinjoarivo and dental wear present on the mother’s teeth does
not appear to influence infant survival up to one year of age. Although sifakas in fragmented
forests have a decrease in dental slope compared to sifakas in the continuous forests, this slope
difference does not seem to have an effect on overall viability since mothers are not reaching
dental senescence. Propithecus diadema has a slower dental wear progression compared to
Propithecus edwardsi, for which the onset of dental senescence is 18 years old (King et al.,
2005). Large proportions of sifaka infants at Tsinjoarivo are surviving into their first year, with
87.3% survival rate including infanticides (91.2% without infanticides). These infant survival
rates provide greater odds of living compared to Propithecus edwardsi at Ranomafana National
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Park, which only has a 50% chance of infants surviving into their second year (Pochron et al.,
2004; King et al., 2005). It is not clear why there are improved chances for survival among
Propithecus diadema infants at Tsinjoarivo. Possibilities include the presence of the wide Onive
river, a very low density or lack of predators such as the fossa, or even epigenetic mechanisms
that may enhance fitness of offspring.
Data on Propithecus diadema are encouraging. Although forest fragmentation has
negative impacts on sifaka populations at Tsinjoarivo in some ways, infants are surviving at
higher rates than in other sifaka populations. They are enduring alterations to their environment,
at least in the short term, and are able to reproduce and wean infants into independent juveniles.
While there are significant changes seen in dental wear rates, fecal particle size, and in some
chewing behavior in sifakas living in fragmented forests, the viability of this population is
perhaps more promising than originally thought. However, this does not imply that Tsinjoarivo
sifakas are not susceptible to additional negative effects of continued forest fragmentation. The
sifakas of Tsinjoarivo need to be monitored as continuing changes to their habitat occurs,
especially watching the rates of deforestation, over a longer time scale. Despite being able to
adapt to current levels of disturbance and forest fragmentation, increased habitat loss will likely
lead to devastating effects on this critically endangered lemur population.
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APPENDIX A

MAP OF TSINJOARIVO, MADAGASCAR
FRAG 1-7 = MAHATSINJO
CONT 1-3 = VATATEZA
CONT 4-5 = ANKADIVORY

Photo Credit: Irwin, unpublished
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APPENDIX B

PROPITHECUS DIADEMA GENEALOGY AT TSINJOARIVO, MADAGASCAR

Photo Credit: Irwin, unpublished
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APPENDIX C

CALCULATED DENTAL WEAR VALUES FOR PROPITHECUS DIADEMA AT
TSINJOARIVO, MADAGASCAR
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Name
ANKA1_BO
ANKA1_BS
ANKA1_GB
ANKA1_GG
ANKA1_JUV
ANKA1_JUV
ANKA1_JUV
ANKA1_JUV
ANKA1_PB
ANKA1_PG
ANKA1_PR
ANKA1_PR
ANKA1_PR
ANKA1_RAD
ANKA1_RAD
ANKA1_RAD
ANKA1_RAD
ANKA1_RG
ANKA1_RO
ANKA1_TS
VATA1_BG
VATA1_BP
VATA1_BR
VATA1_BR
VATA1_BR
VATA1_BR
VATA1_BR
VATA1_BR
VATA1_BS
VATA1_BS
VATA1_GP
VATA1_JUV
VATA1_JUV
VATA1_JUV (1)
VATA1_JUV (2)
VATA1_PB

Year
2010
2013
2015
2014
2011
2014
2016
2017
2013
2010
2015
2017
2017
2008
2011
2013
2015
2016
2015
2008
2011
2008
2008
2011
2011
2013
2015
2017
2003
2013
2013
2011
2014
2017
2017
2005

Type
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT

Group
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
ANKA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1

Sex
M
M
F
M
F
M
F
F
F
F
F
F
F
F
F
F
F
M
M
F
F
M
F
F
F
F
F
F
F
M
M
M
F
M
M
F

Known
Age
3.00
3.08
2.00
3.00
1.00
1.00
0.92
0.92
2.00
2.00
-1.92
------2.00
--4.08
------3.40
3.08
3.08
1.08
1.00
0.92
0.92
2.00

Relief
Index
Slope Angularity
2.0249 44.8082 89.4936
1.9898 45.0157 89.5263
1.9517 47.7423 89.5144
1.9930 45.8746 89.5178
1.9606 44.7010 89.5021
1.9488 47.3488 89.4265
1.9173 46.3409 89.5588
2.0320 48.2205 89.4851
1.9869 44.3300 89.5468
2.0162 48.2324 89.4974
1.6710 37.7349 89.4539
1.8098 45.0426 89.3082
1.7714 39.5636 89.3453
1.6475 35.1995 89.2342
1.5700 34.8800 89.2985
1.5446 32.8196 89.2166
1.3748 30.9514 89.3682
1.6396 36.5819 89.4859
1.8057 44.3349 89.4819
1.8454 44.6090 89.5226
1.6438 40.0155 89.5220
1.9651 45.5609 89.5055
1.8770 37.1244 89.3088
1.7017 33.7417 89.3999
1.8078 40.7169 89.4551
1.6805 32.7123 89.3544
1.5655 31.0786 89.4690
1.6098 32.2743 89.4186
1.8524 43.0061 89.5238
1.9001 45.3811 89.5003
1.7183 41.2116 89.5647
1.9635 46.5068 89.5688
2.0774 46.4633 89.4836
2.0034 47.5652 89.4602
1.9874 46.5085 89.5190
1.8414 45.2856 89.4085
(Continued on following page)
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Name
VATA1_PB
VATA1_PB
VATA1_PG
VATA1_PG
VATA1_PG
VATA1_PO
VATA1_PP
VATA1_PR
VATA1_PR
VATA1_PS
VATA1_RAD
VATA1_RAD
VATA2_PB
VATA2_PB
VATA2_PB
VATA2_PB
VATA2_PS
VATA2_RAD
VATA2_RAD
VATA2_RAD
VATA2_RAD
VATA2_RB
VATA2_TG
VATA2_TR
VATA2_TR
VATA3_BO
MAHA1_BG
MAHA1_PB
MAHA1_RAD
MAHA1_TP
MAHA2_JUV
MAHA2_PG
MAHA2_PO
MAHA2_RAD
MAHA2_RAD
MAHA2_RAD

Year
2008
2017
2002
2008
2015
2013
2017
2003
2013
2011
2002
2005
2002
2005
2005
2008
2003
2008
2011
2013
2015
2013
2003
2008
2014
2008
2002
2002
2002
2002
2011
2003
2002
2003
2008
2011

Type
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
CONT
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG

Group
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA1
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA2
VATA3
MAHA1
MAHA1
MAHA1
MAHA1
MAHA2
MAHA2
MAHA2
MAHA2
MAHA2
MAHA2

Sex
F
F
F
M
F
F
F
M
M
M
M
M
M
M
F
M
F
F
F
F
F
M
M
F
F
M
M
F
F
F
M
F
M
F
F
F

Known
Age
5.08
14.00
3.40
2.08
1.92
2.08
2.92
1.42
1.42
4.08
------1.42
----2.00
-2.00
8.08
--1.42
-3.42
3.00
1.08
1.42
----

Relief
Index
Slope Angularity
1.6956 40.8675 89.4462
1.8230 38.0723 89.4237
1.7809 44.2608 89.4568
1.8414 43.0414 89.5791
1.9852 46.7365 89.4924
1.7809 43.4244 89.4650
2.0637 45.4566 89.4914
1.7834 43.7304 89.4576
2.0801 44.4034 89.5155
2.1237 44.0886 89.5567
1.6079 36.4627 89.3488
1.6860 38.0701 89.3489
1.8539 38.0310 89.2640
1.5965 36.2501 89.0532
1.6644 36.8980 89.2408
1.6498 35.3237 89.2001
1.9448 44.1575 89.4228
1.8564 39.1615 89.5076
1.7122 37.7053 89.5115
1.7305 36.5139 89.5184
1.6500 36.6633 89.4991
1.9546 43.9023 89.5160
1.5337 36.6391 89.5937
1.9076 46.5081 89.5537
1.8868 42.4504 89.5614
1.8756 42.4360 89.4196
1.6204 37.9594 89.4550
1.7890 45.8207 89.2609
1.5594 36.7977 89.4177
2.0133 45.9356 89.4995
1.9835 45.5419 89.5559
1.8699 45.5662 89.4625
1.4268 41.7453 89.4681
1.6164 38.4382 89.3150
1.5048 32.8438 89.4673
1.4125 30.7159 89.2046
(Continued on following page)
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Name
MAHA2_TB
MAHA2_RAD
MAHA2_TB
MAHA2_TR
MAHA2_TR
MAHA2_TR
MAHA2_TR
MAHA3_PP
MAHA3_PR
MAHA3_TO
MAHA4_BG
MAHA4_BR
MAHA4_BR
MAHA4_BS
MAHA4_GS
MAHA4_JUV
MAHA4_JUV
MAHA4_JUV
MAHA4_JUV
MAHA4_PB
MAHA4_PO
MAHA4_PS
MAHA4_RAD
MAHA4_RAD
MAHA4_RAD
MAHA4_RAD
MAHA4_RAD
MAHA4_RG
MAHA4_RG
MAHA4_TG
MAHA5_BO
MAHA5_BP
MAHA5_BR
MAHA5_BR
MAHA5_BR
MAHA5_GG

Year
2006
2013
2008
2002
2005
2008
2010
2006
2005
2005
2008
2010
2017
2011
2015
2008
2014
2015
2016
2014
2016
2008
2008
2011
2013
2015
2017
2013
2017
2008
2008
2014
2008
2011
2013
2017

Type
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG

Group
MAHA2
MAHA2
MAHA2
MAHA2
MAHA2
MAHA2
MAHA2
MAHA3
MAHA3
MAHA3
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA4
MAHA5
MAHA5
MAHA5
MAHA5
MAHA5
MAHA5

Sex
M
F
F
M
M
M
M
M
M
M
M
F
F
F
M
M
M
M
F
F
M
F
F
F
F
F
F
F
F
F
F
M
F
F
F
M

Known
Age
2.08
-4.08
-----5.00
2.00
-1.92
1.92
2.08
2.00
1.08
1.08
1.00
0.92
2.08
1.92
4.08
-----2.08
3.00
2.08
-8.00
---2.00

Relief
Index
Slope Angularity
1.9207 45.0963 89.5438
1.4895 29.4782 89.3021
1.8823 44.1250 89.4486
1.6861 36.0189 89.3173
1.5723 35.8748 89.4557
1.5517 34.1073 89.4942
1.5323 32.8461 89.5188
1.4655 34.3057 89.5138
1.7679 41.3854 89.4537
1.8093 43.1517 89.5251
1.7161 41.3853 89.5187
2.0921 46.7246 89.4815
1.8350 42.7645 89.3259
1.8139 43.7502 89.5142
1.9968 44.9181 89.4852
2.0511 47.0136 89.4607
1.9471 45.9707 89.4884
2.1073 46.3838 89.4703
1.9350 46.2993 89.4458
2.0205 45.7744 89.5233
1.9483 44.2129 89.5221
2.0728 43.6983 89.5439
1.9264 40.7011 89.4594
1.7272 36.5783 89.3184
1.7812 35.3359 89.4130
1.5457 32.2658 89.4114
1.4942 32.0534 89.3371
2.0930 44.3214 89.5158
1.9824 40.7998 89.5147
1.8120 46.7768 89.4427
1.7861 41.5057 89.4365
1.8646 37.8527 89.4284
1.9522 44.4626 89.2692
1.8356 38.8241 89.3364
1.9876 36.1828 89.3033
2.0566 45.1593 89.5576
(Continued on following page)
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Name
MAHA5_GR
MAHA5_GR
MAHA5_JUV
MAHA5_PO
MAHA5_TS
MAHA5_TS
MAHA6_BB
MAHA6_BB
MAHA6_JUV
MAHA6_JUV
MAHA6_PG
MAHA6_PP
MAHA6_PS
MAHA6_RAD
MAHA6_RAD
MAHA6_RAD
MAHA6_RAD
MAHA6_RP
MAHA7_BS
MAHA7_PG
MAHA7_PR
MAHA7_PR
MAHA7_PR
MAHA7_RR

Year
2014
2016
2011
2013
2010
2011
2010
2017
2008
2014
2008
2008
2017
2011
2013
2015
2017
2015
2014
2016
2011
2014
2016
2017

Type
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG
FRAG

Group
MAHA5
MAHA5
MAHA5
MAHA5
MAHA5
MAHA5
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA6
MAHA7
MAHA7
MAHA7
MAHA7
MAHA7
MAHA7

Sex
F
F
F
M
M
F
F
M
M
M
M
M
M
F
F
F
F
F
M
M
M
F
F
M

Known
Age
--1.17
3.08
2.08
3.08
3.08
2.00
1.08
1.08
-2.08
13.00
5.08
7.08
9.00
11.00
2.00
5.08
1.92
5.08
8.08
10.00
9.00

Relief
Index
1.8640
1.8616
2. 1119
2.0827
1.9154
2.1144
2.0221
1.9982
1.9505
2.1105
1.4455
1.8137
1.6975
1.7102
1.6662
1.5512
1.6107
1.9703
1.7848
1.9438
2.0023
1.9688
1.8926
1.8667

Slope Angularity
41.9346 89.5663
39.1562 89.5251
45.0048 89.5277
44.1184 89.5150
45.7371 89.5142
44.1919 89.5806
44.6196 89.4928
45.4134 89.4323
45.0307 89.4827
47.7995 89.4932
32.4123 89.4358
44.9771 89.5248
32.7465 89.4280
41.5334 89.4567
37.6829 89.4880
35.5266 89.2359
35.2705 89.3412
45.0082 89.5178
40.7608 89.5074
45.6145 89.4832
46.0043 89.4493
41.0787 89.5072
38.5871 89.4831
38.9286 89.4558
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APPENDIX D

GEOGRAPHIC INFORMATION SYSTEMS (GIS) PROTOCOL
FOR TOOTH WEAR DATA COLLECTION
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Open Arc Catalog
• Right click, create new file folder named “P1-1” and add the following into the folder:
o New  File geodatabase, name
o New  Shapefile, create polygon “lowpoint”
o New  Shapefile, create polygon “crop”
o
Open ArcMap (Be sure to save often!)
ArcToolBox  3D Analyst Tools Raster Interpolation  IDW
• Input point features  Select file “P1-1.shp” (Saved filed from Cloud Compare)
• Z value field  “Shape.Z”
• Output raster  Select geodatabase “P1-1” and name new output “idw_shpP11”
ArcToolBox  Spatial Anaylist Tools  Surface  Contour with Barriers
• Input Raster  Select “idw_shpP11” (Drop down menu)
• Output Contour Features  Select geodatabase “P1-1” and name new output
“idw_shpP11ContourWB”
• Contour Interval  “0.1”
Add data  select “lowpoint” and “crop”
Editor Toolbar  Editor tab
• Start editing  Select “lowpoint” in Create Features box. Draw polygon 8 contour lines
below lowest contour line in talonid basin with tracing feature. Save Edits & Stop
Editing.
• Start editing  Select “crop” in Create Features box. Draw polygon with tracing. Save
Edits & Stop Editing.
Right Click “lowpoint”  open JOIN AND RELATES  select Join
• Select “Join data from another layer based on spatial location”
• Select “idw_shpP11ContourWB”
• Check “Minimum”
• Accept default name of “Join_Output” (should already be in P1-1 geodatabase)
Right Click “Join_Output”  Open Attribute Table
• Record Z (This is your minimum contour level)
ArcToolBox  Conversion Tools  To Raster  Feature to Raster
• Select “crop” file from drop down menu
• Save as “feature_cropP11” to “P1-1” geodatabase
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ArcToolBox  Spatial Analyst Tools  Reclass  Reclassify
• Select “feature_cropP11” from drop down menu
• “New Values” should read (1, NoData)
• “Output Raster” to “Reclass_featP11” in “P1-1” geodatabase
ArcToolBox  Spatial Analysist tools  Map Algebra  Raster Calculator
• Map Algebra Expression  “Reclass_featP11* idw_shpP11”
• Output Raster  is “rastercalcP11” in “P1-1” geodatabase
ArcToolBox  Spatial Analysist tools  Map Algebra  Raster Calculator
• Map Algebra Expression  “rastercalcP11 >= (Enter “Z”)”
• Output Raster  is “rastercalc2P11” in “P1-1” geodatabase
ArcToolBox  Spatial Analyst Tools  Reclass  Reclassify
• Select “raster_calc2P11” from drop down menu
• “New Values” should read (NoData, 1, NoData)
• “Output Raster” to “Reclass_rasP11” in “P1-1” geodatabase
ArcToolBox  Spatial Analysist tools  Map Algebra  Raster Calculator
• Map Algebra Expression  “Reclass_rasP11* idw_shpP11”
• Output Raster  is “rastercalc3P11” in “P1-1” geodatabase
• Right click “rastercalc3P11”, save as layer
•
•
•
•

Relief Index
Area and Volume tab
Input surface  “rastercalc3P11” from drop down menu
Output statistics  Click “Calculate statistics”
Record 2D area, surface area, and volume

Slope
ArcToolBox  Spatial Anaylist Tools  Surface  Slope
• Select “rastercalc3P11” from drop down menu
• “Output Raster” to “Slope_RasterP11” in “P1-1” geodatabase
• Right click on “Slope_RasterP11” layer, select Properties
• Scroll down to Statistics, record Mean and Std. dev.
Angularity
ArcToolBox  Spatial Anaylist Tools  Surface  Slope
• Select “Slope_RasterP11” from drop down menu
• “Output Raster” to “Slope_SlopeP11” in “P1-1” geodatabase
• Right click on “Slope_SlopeP11” layer, select Properties
• Scroll down to Statistics, record Mean and Std. dev.
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APPENDIX E

RELIEF INDEX OF M2 IN PROPITHECUS DIADEMA BY FOREST GROUP
IN TSINJOARIVO, MADAGASCAR.
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APPENDIX F

SLOPE OF M2 IN PROPITHECUS DIADEMA BY FOREST GROUP
IN TSINJOARIVO, MADAGASCAR.
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APPENDIX G

ANGULARITY OF M2 IN PROPITHECUS DIADEMA BY FOREST GROUP
IN TSINJOARIVO, MADAGASCAR.
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APPENDIX H

CALCULATED ESTIMATED AGES (MAXIMUM AND MINIMUM) BASED ON DENTAL
WEAR OF PROPITHECUS DIADEMA AT TSINJOARIVO, MADAGASCAR
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Age Estimate
Based on Relief
Index
Full Name
VATA2_PB
MAHA1_BG
MAHA1_RAD
MAHA1_TP
MAHA2_TR
VATA1_RAD
MAHA2_RAD
VATA2_TG
MAHA2_TR
VATA1_RAD
VATA2_PB
VATA2_PB
MAHA3_PP
ANKA1_RAD
ANKA1_TS
MAHA2_RAD
MAHA2_TR
MAHA4_BG
MAHA4_RAD
MAHA5_BO
MAHA5_BR
MAHA6_PG
VATA1_BR
VATA2_PB
VATA2_RAD
VATA3_BO
MAHA2_TR
ANKA1_RAD
MAHA2_RAD
MAHA4_RAD
MAHA5_BR
VATA1_BG
VATA1_BR

Capture
Year
2002
2002
2002
2002
2002
2002
2003
2003
2005
2005
2005
2005
2006
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2010
2011
2011
2011
2011
2011
2011

Age Estimate
Based on
Slope

Age Estimate
Based on
Angularity

Overall Age
Estimate

Min.

Min.

Min.

Max.

Min.

Max.

4.05
11.25
13.45
-4.51
5.66
9.78
7.16
24.58
8.07
7.03
20.78
16.60
18.20
-15.31
-6.55
9.44
8.49
-140.1
-17.18
5.00
-0.74
15.37
-1.76
17.51
3.86
2.42
8.89
-19.13
11.26
-67.80
3.38
8.54
6.44

14.27
21.10
23.98
4.16
21.61
39.96
26.40
48.59
29.46
31.73
41.62
34.17
29.91
31.40
14.06
34.18
30.90
252.54
31.18
14.74
7.46
26.18
13.69
35.76
14.02
12.18
32.26
38.57
40.69
122.97
12.48
36.16
30.12

10.33
7.91
9.07
-0.14
12.82
11.76
9.73
12.16
13.00
9.68
12.67
11.82
12.85
12.16
1.57
16.84
15.24
11.24
5.17
4.33
1.49
12.86
10.90
13.87
8.82
4.20
16.84
12.51
19.52
8.99
6.85
7.12
15.22

18.69
10.78
11.98
2.72
15.84
16.83
12.42
21.85
16.05
14.36
22.74
21.26
15.90
19.97
4.89
20.36
18.56
14.05
7.46
6.71
3.86
15.55
15.81
24.85
16.15
9.04
20.36
20.50
23.40
11.56
9.35
11.42
21.06

Max.

Max.

-81.46
196.50 10.3 14.3
1.26
12.98 10.8 11.3
5.69
18.13
9.1
12
-4.56
7.34
0
2.7
11.58
27.89 12.8 15.8
-37.99
139.59 11.8 16.8
11.74
28.19
9.7
12.4
-83.50
40.64 12.2 21.9
1.14
10.92
13
16
-37.98
139.56 9.7
14.4
-155.98 371.95 20.7 20.8
-89.57
215.68 16.6 21.3
-5.56
6.63
15.9 18.2
-129.74 255.03 12.2
20
-35.41
27.64
1.6
4.9
-1.60
11.36 16.8 20.4
-2.53
6.96
15.2 18.6
-5.15
4.25
11.3
14
0.33
9.04
5.2
7.5
3.93
14.27
5
6.8
17.56
35.96
1.5
3.9
2.42
14.41 15.4 15.6
-48.28
176.24 10.9 13.7
-103.92 249.52 17.5 24.9
-18.73
17.08
8.8
14
-28.24
68.72
4.2
9
-5.15
4.71
16.8 20.4
-96.54
192.16 12.5 20.5
18.85
42.95 11.3 19.5
7.41
20.86
9
11.6
12.42
26.91
6.9
9.3
-30.03
17.55
8.5
11.4
-25.29
93.23 15.2 21.1
(Continued on following page)
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Age Estimate
Based on Relief
Index
Full Name
VATA1_BR
ANKA1_RAD
MAHA2_RAD
MAHA4_RAD
MAHA5_BR
VATA1_BR
VATA2_RAD
MAHA5_GR
ANKA1_PR
ANKA1_RAD
MAHA4_RAD
VATA1_BR
VATA2_RAD
ANKA1_RG
MAHA5_GR
ANKA1_PR
MAHA4_RAD
VATA1_BR

Capture
Min.
Year
2011
1.98
2013
-20.40
2013
9.75
2013
-53.86
2013
-2.11
2013
7.23
2013
12.43
2014
2.42
2015
-14.18
2015
-29.05
2015
-115.06
2015
11.19
2015
17.49
2016
-15.69
2016
2.51
2017
-9.55
2017
-128.55
2017
9.71

Age Estimate
Based on
Slope

Age Estimate
Based on
Angularity

Overall Age
Estimate

Max.

Min.

Max.

Min.

Max.

Min.

Max.

19.66
40.95
35.26
97.88
6.05
32.31
27.02
11.21
29.25
56.96
207.74
44.51
35.74
32.12
11.31
20.27
231.88
39.75

6.18
14.72
21.08
10.12
9.30
16.52
12.32
3.92
9.40
16.72
12.92
18.56
8.79
10.66
6.54
7.39
13.11
17.07

10.37
23.90
25.17
12.81
11.98
22.67
22.14
6.29
15.81
27.00
15.91
25.24
18.46
17.70
9.02
12.84
16.13
23.36

-13.30
-138.83
12.60
3.01
14.98
-36.58
-25.31
-10.27
-20.06
-60.94
3.09
-11.28
-14.84
-14.05
-5.30
-72.57
6.61
-20.88

44. 92
272.22
29.88
12.58
31.32
134.53
18.52
1.10
44.00
124.41
12.71
33.72
17.25
23.24
4.83
146.60
19.15
76.51

6.2
14.7
21.1
10.2
6.1
16.5
12.4
3.9
9.4
16.7
12.9
11.2
8.8
10.7
6.5
7.4
13.1
17.1

10.4
23.9
25.2
12.8
9.3
22.7
22.1
6.3
15.8
27
15.9
18.6
18.5
17.7
9
12.8
16.1
23.4

